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Abstract 

Recent  investigations  have  shown  that  SWNTs  possess  remarkable  mechanical  properties 
exceeding  those  of  any  existing  composite  reinforcement  materials,  such  as  IM7  carbon 
fibers.  The  exceptional  thermal  and  electrical  properties  of  SWNTs  also  demonstrate 
great  potential  for  developing  multifunctional  materials.  However,  using  nanotubes  as 
reinforcements  to  produce  quality  composites  is  still  a  challenging  issue  due  to  their 
nanoscale  dimension,  unique  chemical  characteristics  and  intensive  molecular 
interactions  with  resin  molecules  during  composite  processing. 

In  this  research,  a  novel  technical  approach  was  developed  to  fabricate  bulk  polymeric 
matrix  nanocomposites  with  controlled  nanostructures,  desired  alignment  and  high  tube 
loading.  Instead  of  directly  mixing  nanotubes  and  resin,  a  special  resin  infiltration  method 
was  used  to  impregnate  buckypapers,  which  are  thin  preformed  sheets  of  well-controlled 
and  dispersed  porous  SWNT  networks.  Buckypaper  preparation  involves  a  multiple-step 
process  for  dispersion  and  filtration  of  nanotube  suspensions.  Magnetically  aligned 
buckypapers  were  produced  to  achieve  desired  tube  alignment  by  filtrating  well-dispersed 
nanotube  suspensions  through  a  filter  placed  in  a  high  strength  magnetic  field  at  National 
High  Magnetic  Field  Laboratory  in  Tallahassee,  FL.  A  special  technique  was  developed 
to  facilitate  the  resin  infiltration  through  the  buckypapers  to  achieve  good  impregnation 
between  the  nanotubes  and  epoxy  resin.  The  resin  matrix  used  in  this  research  was  an 
Epon  862/EPI  CURE  W  system.  Multiple-layers  of  resin  impregnated  random  or  aligned 
buckypapers  were  stacked  together  and  cured  to  fabricate  bulk  solid  composite  samples. 
The  influences  of  the  processing  parameters  on  the  buckypaper  quality  and  tube 
alignment  in  magnetically  aligned  buckypapers  were  investigated.  The  results  show  that 
the  new  processing  approach  can  effectively  fabricate  nanotube  composites  with 
controlled  nanostructures.  The  storage  modulus  of  the  magnetically  aligned 
nanocomposites  was  as  high  as  45  GPa.  The  nanocomposites  tube  loading  can  range  from 
20w/w%  to  60w/w%.  Both  the  random  and  aligned  buckypapers  and  nanocomposites 
consisted  of  good  dispersed  tube  networks  and  tube  alignment. 


u 


The  molecular  interactions  between  SWNTs  and  the  resin  molecules  were  also  explored 
using  molecular  dynamics  (MD)  simulation.  A  molecular  model  of  a  SWNT/EPON  862 
nanocomposite  was  developed  to  predict  the  interfacial  bonding  by  simulating  a  single 
tube  pullout.  The  functionalization  of  oxidization  and  molecular  wraps  of  the  SWNTs  for 
enhancing  dispersion  and  interfacial  bonding  were  also  studied.  The  mechanical  property 
predictions  of  the  individually  dispersed  SWNT  and  nanotube  rope  nanocomposites 
compared  well  with  the  experimental  observations.  A  demonstration  sandwich  wing 
structure  was  successfully  developed  to  demonstrate  the  feasibility  of  using 
buckypaper/resin  nanocomposite  for  structural  applications.  The  results  of  this  research 
demonstrate  the  effectiveness  of  using  the  buckypaper/resin  infiltration  method  to 
manufacture  nanocomposites  with  controlled  tube  dispersion,  orientation  and  high  tube 
loading,  which  are  critical  for  developing  high  performance  SWNT-reinforced  structural 
and  multifunctional  nanocomposites,  as  well  as  SWNT-based  devices. 

All  planned  research  tasks  have  been  conducted  and  documented  in  this  report.  Chapter  1 
introduces  the  project.  Chapter  2  discusses  the  nanocomposites  manufacturing  process  of 
buckypaper/resin  infiltration.  Chapters  3  and  4  explain  the  processing  techniques  for 
random  and  magnetically  buckypapers,  respectively.  Chapter  5  presents  the  mechanical, 
electrical  and  thermal  properties  of  the  resultant  materials.  Chapter  6  explains  the 
molecular  interactions  of  the  SWNTs/resin  matrix  molecules  and  composite  interface  by 
using  MD  simulation.  The  SWNT  functionalization  preliminary  studies  are  presented  in 
Chapter  7.  Chapter  8  explores  how  buckypaper  composites  can  be  used  for  structural 
applications.  Conclusions  and  acknowledgements  are  provided  in  Chapter  9. 

AFRL  MN  &  ML  Directorates  sponsored  this  research  effort. 

Keywords:  Nanocomposites,  SWNT,  Manufacturing,  Mechanical  Properties  and 
Alignment 
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1.  Introduction 


1.1.  Motivation  and  Objectives 

Recent  investigations  have  shown  that  single-walled  nanotubes  (SWNTs)  possess 
remarkable  mechanical  properties  exceeding  those  of  any  existing  composites 
reinforcement  materials.  For  example,  both  theoretical  and  experimental  results  have 
shown  that  SWNTs  have  a  high  elastic  modulus  in  the  range  of  500  to  l,200GPa.  The 
SWNTs’  maximum  estimated  tensile  strength  is  close  to  200  GPa,  which  is  40  times 
greater  than  IM7  carbon  fiber.  Since  many  researchers  consider  SWNTs  as  the  most 
promising  reinforcement  materials  for  the  next  generation  of  high  performance  structural 
and  multifunctional  composites,  effective  methods  for  developing  SWNT  reinforced 
nanocomposites  are  being  sought. 

Unlike  conventional  fibrous  reinforcements,  SWNTs  are  nanoscale  dimensional  materials 
with  exceptional  large  surface  areas  (1,000-1,350  m2/g),  which  result  in  strong 
interactions  between  the  tubes  due  to  the  van  der  Waals  forces,  causing  the  SWNTs  to 
form  ropes  or  bundles.  SWNT  ropes  also  have  the  tendency  to  aggregate  and  exhibit 
intensive  molecular  interactions  with  resin  matrix  molecules.  Nanocomposites  produced 
by  conventional  methods  of  directly  mixing  the  nanotubes  and  polymers  in  casting  or 
utilizing  injection  processes  do  not  yield  acceptable  uniform  dispersion  and  high  loading 
of  SWNTs  due  to  the  aggregation  tendency  of  SWNTs,  high  resin  viscosity  and  the 
inability  to  control  the  formation  of  the  SWNT  network  or  nanostructure  during 
composite  consolidation.  Consequently,  a  major  challenge  of  nanotube  composite 
processing  is  producing  a  nanotube  network  in  polymeric  matrix  with  the  desired  uniform 
dispersion,  alignment  and  high  loading.  Functionalizing  nanotubes  to  enhance  tube 
dispersion  and  interfacial  bonding  is  vital  for  developing  high  performance  materials. 


In  this  research,  a  novel  processing  approach  was  developed  to  fabricate  bulk  polymeric 
nanocomposites  with  controlled  nanostructures,  desired  alignment  and  high  tube  loading, 
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which  are  critical  for  developing  high  performance  and  multifunctional  nanotube- 
reinforced  materials.  Instead  of  directly  mixing  nanotubes  and  resin,  a  special  resin 
infiltration  method  was  used  to  impregnate  buckypapers,  which  are  thin  preformed  sheets 
of  well-controlled,  porous  nanotube  networks.  Buckypaper  preparation  involves  a 
multiple-step  process  for  dispersion  and  filtration  of  nanotube  suspensions.  Magnetically 
aligned  buckypapers  were  produced  by  in-situ  filtrating  well-dispersed  nanotube 
suspensions  in  a  high  strength  magnetic  field.  A  special  technique  was  developed  to 
facilitate  the  resin  infiltration  through  the  buckypapers  to  achieve  good  nanotubes/epoxy 
resin  impregnation.  Multiple-layers  of  the  resin  impregnated  random  or  aligned 
buckypapers  were  stacked  together  and  cured  to  fabricate  bulk  solid  composite  samples. 
The  influences  of  processing  parameters  on  quality  and  tube  alignment  in  magnetically 
aligned  buckypapers  were  investigated.  The  molecular  interactions  between  SWNTs  and 
resin  molecules  were  also  explored  using  molecular  dynamic  (MD)  simulation.  The 
effects  of  tube  functionalization  on  tube  dispersion  and  material  properties  were  explored. 
The  research  efforts  of  this  project  are  summarized  in  Figure  1.1. 


Dispersion  with  the  aid  of 
surfactants  and  sonication 


Nanotub®  source  selection 
and  functionalization 


Alignment  of  SWNT 


Expected  results 

•Bulk  nanostructurai 
materials  with  high  tube 
loading  and  in-plane  tube 
alignment 

•Investigation  and 
understanding  of  magnetic 
alignment  of  SWNT  and 
fabrication  of  large  size 
aligned  buckypapers  and 
nano-composrtes 

•Mechanical,  thermal  and 
electrical  properties  for 
multi-functional  applications 


Molecular  dynamics  simulation 
of  molecular-level  interactions 


Structural  and  property 
characterization 


Resin  infiltration  and  preparation  of 
bulk  material  samples 


Figure  1 . 1  Flow  chart  of  the  research  efforts 
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The  essence  of  this  proof-of-principle  project  was  to  systematically  investigate  and 
characterize  the  proposed  technical  approach  and  various  physical  properties  of  the 
resultant  SWNT  buckypaper-reinforced  composites.  The  nanoscale  processing-structure- 
property  relationship  was  revealed  both  theoretically  and  empirically.  The  molecular 
interactions  of  SWNTs  and  resin  molecules  during  processing  and  at  nanocomposite 
interface  were  analyzed.  The  processing  models  and  property  predications  were  explored. 
The  research  team  also  conducted  a  preliminarily  demonstration  using  buckypaper 
composites  in  structure  applications.  In  summary,  the  goal  of  this  research  was  two-fold: 
1)  improve  the  understanding  of  nanotube  nanostructures  and  properties,  and  2)  populate 
a  processing  and  property  database  of  innovative  buckypaper  composite  materials  that 
have  the  future  potential  to  be  engineered  and  deployed. 

In  this  report,  the  research  objectives  and  major  technical  approaches,  as  well  as  a  brief 
introduction  of  nanotubes  and  their  composites,  are  provided  in  Chapter  1.  Chapter  2 
discusses  the  nanocomposites  manufacturing  process  of  buckypaper/resin  infiltration. 
Chapters  3  and  4  describes  the  processing  techniques  of  random  and  magnetically 
buckypapers,  respectively.  Chapter  5  presents  the  mechanical,  electrical  and  thermal 
properties  of  the  resultant  materials.  The  investigation  of  the  molecular  interactions  of 
SWNTs/resin  matrix  molecules  and  nanocomposite  interface  by  using  molecular 
dynamics  (MD)  simulation  are  discussed  in  Chapter  6.  Preliminary  studies  of  SWNT 
functionalization  are  examined  in  Chapter  7.  Structural  application  demonstrations  of 
using  buckypaper  composites  are  presented  in  Chapter  8.  Conclusions  and 
acknowledgements  are  provided  in  Chapter  9  and  10. 

1.2.  Background 

Carbon  nanotubes  exhibit  exceptional  material  properties.  Their  small  dimension, 
exceptional  strength  and  remarkable  physical  properties  make  them  unique 
reinforcements  for  polymer  nanocomposites.  This  brief  literature  review  presents  recent 
advances  in  carbon  nanotubes  and  their  use  in  composites.  Particular  emphasis  is  given  to 
nanotube  growth,  mechanical  and  functional  properties,  nanocomposite  processing  and 
characterization,  nanotube  alignment,  and  functionalization. 
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1.2.1.  Atomic  Structure  of  carbon  nanotubes 


The  first  observation  of  carbon  nanotubes  in  1991  [1]  stimulated  many  theoretical  and 
experimental  studies  on  the  structure  of  carbon  nanotubes.  Basically,  two  kinds  of 
nanotubes  exist:  SWNTs  having  one  atomic  layer  in  thickness  and  MWNTs  (multi- 
walled  carbon  nanotubes)  composed  of  concentric  SWNTs.  The  unique  atomic  structure 
of  carbon  nanotubes  can  be  defined  in  various  ways.  One  way  is  to  define  a  SWNT  as  a 
graphene  sheet  rolled  into  a  cylindrical  shape.  Three  important  vectors  -  the  chiral  vector, 
translational  vector  and  symmetry  vector  -  determine  the  nanotubes’  structure.  Details  of 
these  three  vectors  can  be  found  in  references  [2-3].  The  structure  of  a  SWNT  is  specified 

by  the  chiral  vector  Ch=na1+wa2>  which  corresponds  to  a  section  of  the  nanotube 

perpendicular  to  the  nanotube  axis.  The  diameter,  and  chiral  angle,  of  nanotube  are 
determined  by  the  chiral  vector. 

d,  =Ch/7T  =  ^ac_c(m2  +  mn  +  n2)'12  / n  (1.1) 

9  =  tan [y[3m/(m  +  2n)]  (1.2) 

Different  types  of  nanotube  are  uniquely  determined  by  the  values  of  n  and  m.  Based  on 
the  chiral  angle  9 ,  three  categories  of  nanotubes  can  be  defined:  zig-zag  nanotubes 
{9  ~  0° ),  armchair  nanotubes  (9  =  30° )  ancj  chiral  nanotubes  (0°  <  9  <  30° ) 

Experimental  observations  showed  that  SWNTs  tend  to  assemble  into  ropes  due  to  the 
van  der  Waals  interactions  between  individual  nanotubes  within  the  ropes.  The  isolated 
SWNT  (10,  10)  is  approximately  1.36  nm  in  diameter.  The  first  carbon  nanotubes 
discovered  were  MWNTs,  which  were  nested  shell  structures  with  an  interlayer  spacing 
of  ~  0.34  nm. 

1.2.2.  Synthesization  of  nanotubes 

Carbon  nanotubes  have  unique  mechanical  properties  that  should  make  them  ideal 
reinforcements  in  composite  materials.  However,  practical  application  requires 
manufacturing  inexpensive,  high  quality  nanotubes.  Growing  nanotubes  by  arc  discharge 
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and  laser  vaporization  methods  have  been  actively  pursued  in  the  past  decade.  In  1991, 
Iijima  [1]  first  observed  MWNTs  synthesized  from  the  arc  discharge  technique.  In  1992, 
Ebbesen  and  Ajayan  [4]  achieved  a  breakthrough  in  MWNT  growth  using  the  arc 
discharge  by  growing  and  purifying  high  quality  MWNTs  at  the  gram  level.  Synthesized 
MWNTs  are  about  10  mm  long,  with  diameters  in  the  range  of  5-30  nm.  To  grow 
SWNTs,  a  metal  catalyst  is  needed  in  the  arc  discharge  system.  The  first  success  in 
producing  substantial  amounts  of  SWNTs  by  arc-discharge  was  achieved  by  Bethune  and 
his  coworkers  in  1993  [5]. 

Laser  vaporization  was  first  used  for  the  initial  synthesis  of  fullerenes.  Over  the  years, 
this  technique  has  been  improved  to  allow  for  the  production  of  SWNTs.  Smalley  and 
coworkers  synthesized  high  quality  SWNTs  at  1-10  gram  scale  by  using  laser 
vaporization  [6].  Under  a  scanning  electron  microscope  (SEM),  the  material  appeared  as 
a  mat  of  ropes  10-20  nm  in  diameter  and  up  to  100  jtim  or  more  in  length,  as  shown  in 
Figure  1.2(a).  Under  transmission  electron  microscope  (TEM)  examination  as  shown  in 
Figure  1.2(b),  each  rope  was  found  to  consist  primarily  of  a  bundle  of  SWNTs  aligned 
along  a  common  axis  with  a  diameter  of  ~1.4  nm.  By  varying  the  growth  temperature,  the 
catalyst  composition  and  other  growth  parameters,  the  average  nanotube  diameter  and  the 
diameter  distribution  could  be  varied. 
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(b) 

Figure  1.2  Single-walled  nanotubes  grown  by  laser  vaporization  [6] 

Both  the  arc  discharge  and  laser  vaporization  techniques  are  limited  in  regards  to  the 
production  volume.  In  addition,  subsequent  purification  steps  are  necessary  to  separate 
the  nanotubes  from  unwanted  by-products.  These  limitations  have  motivated  the 
development  of  gas-phase  techniques,  including  gas-phase  catalytic  growth  from  carbon 
monoxide  and  chemical  vapor  deposition  (CVD)  from  hydrocarbons.  These  processes 
offer  the  greatest  potential  for  large-scale  production  of  carbon  nanotubes. 

Smalley  et  al.  [7]  developed  a  gas  phase  catalytic  process  to  grow  bulk  quantities  of 
SWNTs.  The  carbon  feedstock  is  carbon  monoxide  (CO)  and  the  growth  temperature  is  in 
the  range  of  800-l,200°C.  Carbon  monoxide  is  a  very  stable  molecule  that  does  not 
produce  unwanted  amorphous  carbonaceous  materials  at  high  temperatures.  However, 
CO  is  not  an  efficient  carbon  source  for  nanotube  synthesis.  To  enhance  the  CO  carbon 
feedstock,  Smalley  and  his  co-workers  have  used  high  pressures  of  CO  (up  to  10  atm)  to 
significantly  speed  up  the  disproportionation  of  CO  molecules  into  carbon,  and  thus 
enhance  the  growth  of  SWNTs.  The  so-called  HiPco  (high-pressure  conversion  of  carbon 
monoxide)  process  has  been  commercialized  for  a  large-scale  production  of  high-purity 
SWNTs. 

Another  method  for  producing  carbon  nanotubes  is  chemical  vapor  deposition  (CVD)  of 
hydrocarbon  gases.  This  growth  process  involves  heating  a  catalyst  material  to  500- 
1,000°C  in  a  tube  furnace  and  blowing  a  hydrocarbon  gas  through  a  tube  reactor.  The 
general  nanotube  growth  mechanism  in  a  CVD  process  involves  the  dissociation  of 
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hydrocarbon  molecules  catalyzed  by  the  transition  metal,  and  dissolution  and  saturation 
of  carbon  atoms  in  the  metal  nanoparticle.  The  precipitation  of  carbon  from  the  saturated 
metal  particles  leads  to  the  formation  of  tubular  carbon  solids  in  an  sp  structure.  CVD 
methods  have  great  potential  for  scaled-up  nanotube  materials  synthesis.  MWNTs  have 
already  been  produced  commercially  from  kilograms  to  tons.  Nevertheless,  these 
MWNTs  tend  to  contain  high  densities  of  defects,  such  as  pentagons  and  heptagons  on 
the  sidewalls  of  the  nanotubes.  Growing  perfect  MWNTs  by  CVD  still  remains  a 
challenge. 

With  conventional  CVD  techniques,  tangled  carbon  nanotubes  are  grown  in  a  tube 
furnace.  Synthesizing  aligned  arrays  of  carbon  nanotubes  with  controlled  diameter  and 
length  has  sparked  recent  research  activities  in  CVD  nanotube  growth.  The  synthesis  of 
well-aligned,  straight  carbon  nanotubes  on  a  variety  of  substrates  has  been  accomplished 
by  using  plasma  enhanced  chemical  vapor  deposition  (PECVD).  The  plasma  could  be 
excited  by  a  direct  current  or  a  microwave  source.  Ren  et  al.  [8]  achieved  straight  carbon 
nanotube  arrays  using  a  substrate  coated  with  a  layer  of  nickel  catalyst.  Acetylene  gas  is 
used  as  the  carbon  source  and  high-purity  ammonia  gas  (NH3)  is  the  catalytic  gas  and 
dilution  gas.  A  direct  current  power  generates  the  required  plasma,  and  a  deeply 
carbonized  tungsten  filament  assists  the  dissociation  of  the  reactive  gases  and  supplies 
heat  to  the  substrate.  Control  over  the  nanotube  length  and  graphitization  is  accomplished 
by  changing  the  growth  time  and  temperature.  Bower  et  al.  [9]  showed  that  in  microwave 
plasma-enhanced  CVD  (MPECVD),  alignment  of  carbon  nanotubes  results  from  the  self¬ 
bias  that  is  imposed  on  the  surface  of  the  substrate  from  the  microwave  plasma. 

Fan  et  al.  [10]  obtained  ordered  MWNT  structures  by  CVD  on  catalytically  patterned 
substrates.  MWNTs  can  self-assemble  into  aligned  structures  during  CVD  growth. 
Squared  iron  patterns  on  porous  silicon  substrates  are  employed  for  the  growth.  Regularly 
positioned  arrays  of  nanotube  towers  exhibit  very  sharp  edges  and  comers  with  no 
nanotubes  branching  away  from  the  blocks.  MWNTs  within  each  block  are  well  aligned 
along  the  direction  perpendicular  to  the  substrate  surface. 
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Growing  SWNTs  into  structures  with  well-controlled  orientations  is  a  challenge.  Franklin 
et  al.  [11]  reported  that  ordered  SWNTs  could  be  directly  grown  by  methane  CVD 
catalytically  patterned  substrates.  Suspended  SWNT  networks  with  directionality  on 
substrates  containing  lithographically  patterned  silicon  pillars  have  been  grown.  Contact 
printing  is  used  to  transfer  catalyst  materials  onto  the  tops  of  pillars  selectively.  CVD  of 
methane  using  the  substrates  leads  to  suspended  SWNTs  forming  nearly  ordered 
networks  with  the  nanotube  orientations  directed  by  the  pattern  of  the  pillars.  Nanotubes 
are  nucleated  on  the  tops  of  the  pillars  and  length  from  there  as  they  grow.  The  methane 
flow  keeps  the  nanotube  floating  and  waving  in  the  “wind”  since  the  flow  velocity  near 
the  bottom  surface  is  substantially  lower  than  that  at  the  level  of  the  tower  tops.  This 
prevents  the  SWNTs  from  being  caught  by  the  bottom  surface.  The  nearby  towers 
provide  fixed  points  for  the  growing  tubes.  If  the  waving  SWNTs  contact  adjacent  towers, 
the  tube-tower  van  der  Waals  interactions  will  catch  the  nanotubes  and  hold  them  aloft. 
SWNTs  as  long  as  0.2  mm  in  length  have  been  grown.  Recently,  researchers  from 
Rensselaer  Polytechnic  Institute  with  collaborators  at  Tsinghua  University  have  improved 
the  CVD  process  to  directly  synthesize  long,  continuous,  hair-like  strands  of  SWNT  rope 
that  are  up  to  eight  inches  in  length  by  adding  sulfur  containing  compound  and  hydrogen, 
as  shown  in  Figure  1.3  (a).  Figure  1.3  (b)  shows  the  SEM  micrograph  of  SWNT  ropes,  in 
which  SWNTs  are  well  ordered  and  are  self-assembled  during  the  growth  process  [12], 
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Figure  1.3  Hair-like  single-walled  nanotube  ropes  [12] 

Understanding  and  modeling  nanotube  growth  mechanisms  for  various  synthesis  methods 
are  still  undergoing  studies.  Production  of  large  quantity  and  consistent  quality  SWNTs 
with  affordable  cost  is  still  a  challenging  task  for  the  scientific  and  engineering 
communities. 

1.3.  Mechanical  Properties  of  Carbon  Nanotubes 

Carbon  nanotubes  are  unique  for  their  nearly  perfect  cylindrical  structure  of  seamless 
graphite,  nanoscale  diameter  and  high  aspect  ratio.  These  novel  materials  are  potentially 
30  to  100  times  stronger  than  steel,  yet  one-sixth  the  weight  of  steel  and  manifest 
remarkable  flexibility.  The  unique  mechanical  properties  of  carbon  nanotubes  have  been 
the  subject  of  experimental  and  theoretical  studies.  The  following  is  a  brief  summary  of 
the  mechanical  properties  of  carbon  nanotubes,  which  were  either  measured  by 
experiments  or  calculated  with  theoretical  models. 
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1.4.  Experimental  Studies 


A  growing  body  of  experimental  evidence  indicates  that  carbon  nanotubes  have 
extraordinary  mechanical  properties.  However,  the  technical  difficulties  involved  in  the 
manipulation  of  these  nanoscale  materials  make  determining  their  mechanical  properties 
a  rather  challenging  task.  Challenges  in  characterizing  the  nanotubes  properties  include  (a) 
lack  of  micro-mechanical  characterization  techniques  for  direct  property  measurements, 
(b)  tremendous  limitations  in  specimen  size,  (c)  uncertainty  in  data  obtained  from  indirect 
measurements,  (d)  inadequacy  in  test  specimen  preparation  techniques,  and  (e)  lack  of 
control  in  nanotube  alignment  and  distribution. 

The  mechanical  properties  of  SWNTs  and  ropes  were  measured  using  various  methods. 
Krishman  et  al.  [13]  succeeded  in  measuring  the  Young’s  modulus  of  SWNTs  by 
observing  their  freestanding  vibrations  at  room  temperature  under  a  transmission 
microscope.  Micrographs  of  27  SWNTs  in  the  diameter  range  of  1.0- 1.5  nm  were 
measured  to  obtain  the  average  Young’s  modulus  of  1.25TPa. 

SWNTs  are  mostly  arranged  in  ropes  with  a  close-packed  stacking.  Salvetat  et  al.  [14] 
first  measured  the  elastic  properties  of  crystalline  SWNT  ropes  by  depositing  them  onto  a 
membrane  having  200  nm  pores.  By  positioning  the  AFM  tip  directly  on  the  midpoint  of 
the  carbon  nanotube  spanning  the  pore  and  applying  an  indentation  force,  the  deflection 
versus  force  measurements  were  obtained  to  determine  the  elastic  properties.  They 
concluded  that  the  elastic  and  shear  moduli  of  individual  SWNT  rope  to  be  on  the  order 
of  1  TPa  and  1  GPa,  respectively.  Walters  et  al.  [15]  further  investigated  the  elastic  strain 
of  nanotube  ropes  using  atomic-force  microscope  (AFM).  The  ropes  were  observed  to 
become  deformed  as  elastic  strings  with  tension  proportional  to  elongation.  The 
maximum  strain  observed,  5.8±0.9%,  gave  a  lower  bound  of  45±7  GPa  for  the  tensile 
strength,  which  is  over  20  times  the  yield  strength  of  typical  high-strength  steels.  Yu  et  al. 
[16]  studied  the  tensile-loading  experiments  of  the  SWNT  rope.  The  SWNT  rope  had  a 
strong  attachment  at  one  end  to  the  sample  surface.  The  free  end  of  the  SWNT  rope  was 
then  approached  and  attached  to  an  AFM  tip.  The  AFM  tip  stretched  the  SWNT  rope  to 
the  breaking  point  and  served  as  the  force  sensor  to  measure  the  applied  force.  The  stress 


10 


versus  strain  curves  obtained  from  these  tensile-loading  experiments  showed  that  they 
broke  at  strain  values  of  5.3%  or  lower.  The  force-strain  data  were  entered  in  a  model  that 
assumed  the  load  is  carried  by  the  SWNTs  on  the  perimeter  of  each  rope.  This  model 
provides  an  average  breaking  strength  of  SWNTs  on  the  perimeter  of  each  rope.  The 
values  are  in  the  range  of  1-52  GPa  (mean  30  GPa).  Based  on  the  same  model,  the 
determined  average  Young’s  modulus  values  ranged  from  320-1470  GPa  (mean  1002  Pa). 

The  mechanical  properties  of  MWNTs  were  also  characterized.  Treacy  et  al.  [17] 
conducted  the  earliest  experimental  measurements  of  elastic  modulus  of  MWNTs  by 
measuring  intrinsic  thermal  vibration  using  transmission  electron  microscopy.  They 
obtained  an  average  value  of  1.8±0.9  TPa.  Direct  measurements  of  the  stiffness  and 
strength  of  individual  structurally  isolated  carbon  nanotubes  were  made  with  an  (AFM). 
Wong  et  al.  [18]  were  the  first  to  directly  measure  the  stiffness  and  strength  of  individual, 
structurally  isolated  MWNTs  using  AFM.  They  reported  a  mean  of  1.28±0.59  TPa  for  the 
elastic  modulus.  The  maximum  bending  strength  determined  for  MWNTs  examined  was 
28.5  GPa;  however,  the  average  bending  strength  measured  was  14.2±8  GPa.  Using  a 
new  testing  stage  based  on  a  nanomanipulation  tool  operating  within  a  SEM.,  Yu  et  al. 
[19]  measured  the  response  to  axial  tensile  loading  of  an  individual  MWNT.  The  tensile- 
loading  experiment  was  prepared  and  observed  entirely  within  the  microscope  and 
recorded  on  video.  The  MWNTs  broke  in  the  outermost  layer  (“sword-in-sheath”  failure), 
and  the  tensile  strength  of  this  layer  was  11-63  GPa  for  the  set  of  19  MWNTs  that  were 
loaded.  Analysis  of  the  stress-strain  curves  for  individual  MWNTs  indicated  that  the 
Young’s  modulus  E  of  the  outermost  layer  was  270-950  GPa. 

1.5.  Theoretical  Prediction 

Recent  experiments  have  contributed  to  confirming  that  both  MWNTs  and  SWNTs  have 
exceptional  mechanical  properties.  Similar  conclusions  have  also  been  reached  through 
computational  or  theoretical  predictions. 

Lu  [20]  studied  the  elastic  properties  of  SWNTs.  He  adopted  a  force  constant  model, 
which  has  been  successfully  adopted  in  calculating  the  phonon  spectrum  and  elastic 
properties  of  graphite.  The  predicted  Young’s  modulus  (~1  TPa),  shear  modulus  (-0.45 
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TPa)  and  bulk  modulus  (-0.74  TPa)  are  comparable  to  those  of  diamond.  The  elastic 
moduli  were  concluded  to  be  insensitive  to  the  size  and  the  chirality  of  SWNTs. 
Hernandez  et  al.  [21]  calculated  the  structural  and  elastic  properties  of  SWNTs  using 
tight-binding  methods.  Their  calculations  predict  that  carbon  nanotubes  have  slightly 
higher  values  of  -1.24  TPa  for  the  Young’s  moduli. 

Theoretical  studies  have  also  investigated  the  mechanical  properties  of  SWNT  ropes.  Lu 
[20]  studied  the  elastic  properties  of  crystalline  ropes.  These  ropes  consist  of  100-500 
SWNTs  of  uniform  size  arranged  in  hexagonal  order.  The  calculated  elastic  moduli  of 
ropes  are  -0.6  TPa.  They  concluded  that  a  crystalline  rope  is  very  anisotropic  in  its 
elastic  properties-soft  on  basal  plane  and  stiff  along  the  axial  direction.  Popov  et  al.  [22] 
studied  the  elastic  properties  of  triangular  crystal  lattices  formed  by  SWNTs  by  using 
analytical  expressions  based  on  a  force  constant  lattice  dynamics  model.  They  calculated 
various  elastic  constants  of  nanotube  crystals  for  nanotube  types,  such  as  armchair  and 
zigzag.  The  elastic  modulus,  Poisson’s  ratio  and  bulk  modulus  clearly  exhibited  strong 
dependence  on  the  tube  radius.  The  bulk  modulus  was  found  to  have  a  maximum  value  of 
38  GPa  for  crystals  composed  of  SWNTs  with  -0.6  nm  radius.  Nardelli  et  al.  [23]  used 
the  mechanical  properties  of  SWNTs  under  uniaxial  tension  using  quantum  molecular 
dynamics  simulations.  In  strained  nanotubes,  the  spontaneous  formation  of  double 
pentagon-heptagon  defect  pairs  was  observed.  Tubes  containing  these  defects  are  highly 
preferred  to  uniformly  stretched  tubes  at  strains  greater  than  5%.  These  defects  act  as 
nucleation  centers  for  the  formation  of  dislocations  in  the  original  ideal  graphitic  network 
and  constitute  the  onset  of  further  deformations  of  the  carbon  nanotube. 

MWNTs  are  composed  of  a  number  of  concentric  SWNTs  held  together  by  relatively 
weak  van  der  Waals  forces.  Lu  [20]  calculated  the  elastic  properties  of  many  MWNTs 
formed  by  single-layer  tubes.  The  predicted  Young’s  modulus  of  -lTPa  and  shear 
modulus  of  ~0.45TPa  are  essentially  insensitive  to  the  number  of  walls.  Both  SWNTs 
and  MWNTs  have  a  large  anisotropy  in  elastic  properties.  Ru  [24]  used  the  elastic-shell 
model  to  study  the  effects  of  van  der  Waals  forces  on  the  axial  buckling  of  a  double- 
walled  carbon  nanotube.  The  analysis  showed  that  the  van  der  Waals  forces  do  not 
increase  the  critical  axial  buckling  strain  of  a  double-walled  nanotube.  Ru  [25,  26] 

12 


proposed  a  multiple  column  model  that  considers  the  interlayer  radial  displacements 
coupled  through  the  van  der  Waals  forces.  This  model  was  used  to  study  the  effects  of 
interlayer  displacements  on  column  buckling,  concluding  that  the  effect  of  interlayer 
displacements  could  not  be  neglected  unless  the  van  der  Waals  forces  were  extremely 
strong.  Kolmogorov  et  al.  [27]  investigated  the  interlayer  interaction  in  double-walled 
nanotubes,  demonstrating  that  the  tightly  constrained  geometry  of  MWNTs  could 
produce  an  extremely  smooth  solid-solid  interface.  The  energetic  barrier  to  interlayer 
sliding  in  defect-free  nanotubes  can  be  comparable  to  that  of  a  single  unit  cell  of 
crystalline  graphite. 

1.6.  Functional  Properties  of  Carbon  Nanotubes 

Besides  their  outstanding  mechanical  properties,  carbon  nanotubes  also  offer  a  broad 
range  of  exceptional  electronic,  electrical,  magnetic  and  thermal  properties.  These 
remarkable  functional  properties  indicate  broad  potential  applications  of  carbon 
nanotubes  as  multifunctional  materials. 

1.6.1.  Electronic  properties 

The  electronic  properties  of  SWNTs  have  been  studied  in  a  number  of  theoretical  works. 
All  models  show  that  the  electronic  properties  vary  in  predictable  ways  from  metallic  to 
semi-conducting  with  the  variation  of  diameter  and  chirality.  The  chirality  and  diameter 

are  uniquely  specified  by  the  chiral  vector,  ^  =nai  +ma2.  Depending  on  their  precise 
molecular  symmetry,  some  nanotubes  are  semiconducting,  while  others  exhibit  metallic 
conductivity.  This  behavior,  coupled  with  their  nanoscale  geometry,  makes  them  ideal 
candidates  for  wires  and  devices  for  molecular  electronics. 

Saito  et  al.  [2]  investigated  the  electronic  structure  of  SWNTs  as  a  function  of  the 
diameter  and  chirality  using  energy  dispersion  relationship,  showing  that  all  armchair 
( n  ,n )  nanotubes  are  metallic;  however,  only  a  third  of  zigzag  nanotubes  are  likely 
metallic,  which  is  also  true  for  chiral  nanotubes. 

Figure  1.4  shows  this  variation.  These  surprising  results  can  be  understood  on  the  basis  of 

the  electronic  structure  of  two-dimensional  graphite,  which  is  a  zero  gap  semiconductor 
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with  bonding  and  anti-bonding  bands  that  degenerate  at  the  K-point  (zone  comer)  of  the 
hexagonal  Brillouin  zone.  The  periodic  boundary  conditions  permit  only  a  few  wave 
vectors  to  exist  in  the  circumferential  direction.  If  one  of  these  wave  vectors  passes 
through  the  K  -point  in  the  Brillouin  zone  where  the  valence  and  conduction  bands  of 
two-dimensional  graphite  are  degenerate,  then  metallic  conduction  results. 


40,0) 
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Figure  1.4  Metallic  and  semi-conducting  behavior  of  carbon  nanotubes  [2] 

1.6.2.  Electrical  properties 

Carbon  nanotubes  can  be  metallic  or  semi-conducting  depending  on  their  folding  angle 
and  diameter.  Metallic  nanotubes  present  exceptionally  high  current  carrying  capabilities 
before  breakdown  and  very  low  resistance,  resulting  from  a  weak  electron-phonon 
coupling  in  this  system.  Thess  et  al.  [6]  studied  the  electrical  conductivity  of  the  SWNT 
ropes  (10,10),  which  consist  of  100  to  500  SWNTs  with  a  lattice  constant  of  17A.  The 
rope  had  a  resistivity  on  the  order  of  104  Q-cm  at  300K,  which  was  determined  by 
measuring  the  resistivity  directly  using  a  four-point  technique.  Frank  et  al.  [28]  reached  a 
current  density  in  the  nanotube  greater  than  107  A/cm2.  Wei  et  al.  [29]  studied  the 
current-carrying  capacity  of  MWNTs  under  high  current  densities.  They  concluded  that 
MWNTs  could  carry  high  current  densities  up  to  lO^-lO10  A/cm2  and  remain  stable  for 
extended  periods  at  higher  temperature.  Later,  Phaedon  suggested  that  stable  current 
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densities  of  nanotubes  could  be  pushed  as  high  as  1013  A/cm2.  The  conductivity  of 
nanotubes  changed  significantly  as  a  result  of  doping  with  electron  acceptors  or  donors. 
Another  interesting  characteristic  is  the  pronounced  dependence  of  nanotubes’  electrical 
conductivity  on  the  magnetic  field  [30,3 1]. 


1.6.3.  Magnetic  properties 

An  important  parameter  characterizing  the  magnetic  properties  of  a  material  is  its 
magnetic  susceptibility.  The  SWNTs  are  predicted  to  have  an  anisotropic  magnetic 
susceptibility.  The  comparison  of  the  magnetic  susceptibilities  of  SWNTs  with  various 
elements  is  shown  in  Table  1.1.  Such  a  substantial  magnetic  susceptibility  provides  a 
possibility  for  aligning  nanotubes  in  a  liquid  suspension. 


Table  1-1  Comparison  of  magnetic  susceptibilities 


Substance 

Magnetic  susceptibilities  (xl0'6emu(mol  C)'1) 

Single-walled  nanotube 

+85.4 

Diamond 

-5.9 

Graphite 

-6.0 

Aluminum 

+  16.5 

Copper 

-5.46 

Iron 

+3586.0 

Calculations  reveal  that  the  metallic  SWNTs,  such  as  the  (n,  n)  variety,  are  paramagnetic 
in  the  direction  of  their  long  axis  and  tend  to  align  parallel  to  the  ambient  magnetic  field. 
Other  varieties  of  SWNTs  are  diamagnetic,  but  their  diamagnetic  susceptibilities  are 
normally  negative  in  the  direction  perpendicular  to  the  direction  of  an  ambient  field.  The 
alignment  energies  for  both  varieties  of  SWNTs  are  comparable.  The  calculated 
susceptibilities  of  SWNTs  predict  that  at  room  temperature,  fields  on  the  order  of  10T 
will  produce  an  observable  alignment  in  a  liquid  suspension  of  SWNTs  [32]. 
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1.6.4.  Thermal  properties 

Thermal  conductivity  and  expansion  of  carbon  nanotubes  are  also  fundamentally 
interesting  and  technologically  important.  Hone  et  al.  [33]  found  that  the  thermal 
conductivity  was  temperature  dependent,  and  the  thermal  conductivity  for  a  SWNT  rope 
at  room  temperature  could  vary  between  1800  and  6000  W/m-K.  Che  et  al.  [34] 
numerically  calculated  the  thermal  conductivity  of  a  nanotube  (10,  10)  to  approach  2980 
W/m-K  as  the  current  applied  was  increased.  Recently,  Berber  et  al.  [35]  confirmed  the 
prediction  of  Hone  by  suggesting  an  unusually  high  value  of  6600  W/m-K  for  the  thermal 
conductivity  at  room  temperature.  They  theorized  that  these  high  values  were  due  to  the 
large  phonon  mean  free  paths.  All  these  values  are  comparable  to  diamond,  which  has  the 
highest  measured  thermal  conductivity  of  any  material. 

The  thermal  expansion  of  carbon  nanotubes  differs  in  a  fundamental  way  from  carbon 
fibers  and  graphite.  Ruoff  [36]  discussed  the  thermal  conductivity  and  thermal  expansion 
of  carbon  nanotubes,  concluding  that  the  thermal  conductivity  could  be  highly  anisotropic, 
but  the  thermal  expansion  of  carbon  nanotubes  is  essentially  isotropic.  In  other  words,  the 
radial  thermal  expansion  coefficient  could  be  identical  to  the  on-axis  thermal  expansion 
coefficient. 

1.7.  Nanotube-Reinforced  Composites 

Based  on  these  studies,  developing  nanotube-reinforced  composites  has  become  a  major 
goal.  The  following  sections  review  the  relevant  work  in  this  area  and  discuss  the 
challenges  that  are  associated  with  the  development  of  these  new  composites. 

1.7.1.  Processing  and  characterization  of  nanotube-reinforced  composites 

A  number  of  nanotube-reinforced  composites  have  been  fabricated  by  melt 
blending/injection  or  extrusion  and  direct  mixing/solution  casting  methods  [37-44].  In 
melt  blending  process,  thermoplastic  polymers  and  nanotubes  were  mixed  and  then 
compressed  at  a  high  temperature  using  a  hydraulic  press  to  produce  composite  films,  or 
an  injection  molding  method  was  used  to  produce  composite  samples.  The  solution 
casting  process  may  have  several  steps:  (a)  dissolving  matrix  polymers  into  an 
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appropriate  solvent  to  make  the  solution;  (b)  dispersing  nanotubes  into  the  solvent  to 
make  the  suspension;  (c)  mixing  the  solution  and  the  suspension;  and  (d)  casting  the 
mixture  to  allow  the  solvent  to  evaporate  to  produce  final  nanocomposites.  In  direct 
mixing  process,  the  nanotube  dispersions  are  added  dropwise  to  the  matrix  polymer 
solution,  followed  by  subsequent  casting.  In  all  the  processes,  uniform  dispersion  within 
the  polymer  matrix  and  improved  wetting  and  adhesion  are  critical  to  fabricate 
nanocomposites.  When  processing  nanocomposites  with  a  high-weight  fraction  of 
nanotubes,  the  dispersion  of  nanotubes  becomes  extremely  difficult.  Better  dispersion  of 
nanotubes  in  the  matrix  polymers  could  be  achieved  with  high-energy  sonification  and 
surfactant-assisted  process.  Gong  et  al.  [43]  fabricated  carbon  nanotube/epoxy 
nanocomposites  by  curing  mixtures  of  carbon  nanotubes  and  bisphenol  A  epoxy  resin  in 
the  presence  of  the  surfactant.  DMA  analysis  showed  that  the  addition  of  only  lwt  % 
carbon  nanotube  in  the  composite  increased  the  glass  transition  temperature  from  63°C  to 
88°C  using  a  surfactant  as  the  processing  aid.  The  elastic  modulus  also  increased  by  more 
than  30%.  However,  the  addition  of  carbon  nanotubes  without  the  surfactant  only  had 
moderate  effect  on  the  glass  transition  temperature  and  on  the  mechanical  properties, 
indicating  that  the  surfactant  played  an  important  role  in  improving  dispersion  and 
modifying  the  interfacial  bonding  in  carbon  nanotube/polymer  interface.  In  such  a 
processing  method,  carbon  nanotubes  are  randomly  distributed  in  the  matrix  polymers 
when  processing  nanocomposites.  No  effective  methods  exist  to  control  the  nanostructure 
of  carbon  nanotubes  in  the  final  nanocomposite  in  these  direct  mixing  and  molding 
approaches. 

1.7.2.  Investigation  of  nanotube/resin  matrix 

The  assessing  the  mechanical  properties  of  nanotube-based  composites  remains 
controversial.  Depending  on  the  polymer  matrix  used  and  processing  conditions,  the 
measured  properties  show  significant  variations.  The  micro-Raman  spectroscopy  and 
Kelly-Tyson  approach  have  been  used  to  measure  the  interfacial  shear  stress. 

Several  previous  studies  suggested  strong  carbon  nanotube-polymer  adhesion.  Qian  et  al. 
[38]  employed  a  simple  solution  evaporation  method,  assisted  by  high-energy  sonication, 
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to  prepare  uniform  MWNT-Polystyrene  (PS)  composite  samples.  With  only  the  addition 
of  1%  by  weight  (about  0.5%  by  volume),  they  achieved  between  36-42%  increase  in  the 
elastic  stiffness  and  25%  increase  in  the  tensile  strength  of  the  resultant  nanocomposites. 
Further,  TEM  studies  investigated  the  interface  of  the  tube/resin  matrix.  The  results 
showed  that  the  load  transfer  across  the  nanotube-polystyrene  interface  was  operative 
into  the  plastic  deformation  regime  of  the  composite  film.  Although  some  MWNTs 
fractured  by  either  a  sword-in-sheath  mechanism  or  transverse  shear  fracture,  most  of  the 
MWNTs  eventually  debonded  at  the  MWNT-polymer  interface  and  subsequently  were 
pulled  out  of  the  matrix.  Wagner  et  al.  [39,  40]  examined  stress-induced  fragmentation  of 
the  MWNTs/Urethane  composite  system.  TEM  observations  revealed  that  nanotubes  that 
were  approximately  parallel  to  the  direction  of  testing  undergo  a  progressive 
fragmentation  process.  Based  on  the  Kelly-Tyson  model,  the  MWNTs-matrix  stress 
transfer  efficiency  was  estimated  to  be  500  MPa,  which  was  an  order  higher  than  that  of 
conventional  advanced  composites.  This  higher  strength  of  nanotube-polymer  interface 
may  result  from  a  mechanism  similar  to  the  “2+2”  cycloaddition  reaction.  The  strong 
curvature,  as  well  as  the  presence  of  multiple  concentric  graphene  planes,  is  likely  to 
strongly  enhance  the  reactivity  of  carbon  nanotubes  towards  double-bonds  contacting 
polymeric  chains.  Later,  Lourie  and  Wagner  [41]  investigated  the  strength  of 
SWNT/epoxy  resin  interface  by  observing  the  fracture  of  a  SWNT  rope  in  real-time  with 
transmission  electron  microscopy.  The  expansion  of  elliptical  holes  in  the  polymer  matrix 
resulted  in  a  tensile  force  in  bridging  nanotubes.  The  polymer  matrix  at  both  ends  of  the 
ropes  deformed  extensively  under  the  tension  force,  and  fractures  of  the  nanotubes 
occurred  under  tension  within  the  polymer  hole  region  rather  than  in  shear  within  the 
gripping  polymer  region  at  the  ends  of  the  ropes.  This  provided  evidence  of  significant 
SWNTs-epoxy  wetting  and  interfacial  adhesion.  Cooper  et  al.  [42]  prepared  composite 
specimens  by  applying  an  epoxy-resin/nanotube  mixture  to  the  surface  of  an  epoxy  beam. 
Stress  transfer  between  the  polymer  and  the  nanotubes  was  detected  by  a  shift  in  the  G' 
Raman  band  (2619  cm'1)  to  a  lower  wave  number. 

However,  poor  load  transfer  between  nanotubes  and  polymers  has  also  been  reported. 
Schadler  et  al.  [44]  studied  the  mechanical  behavior  of  MWNT/epoxy  composites  in  both 
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tension  and  compression.  They  observed  a  6  cm'1  shift  in  MWNTs  in  compression  and  no 
shift  in  tension,  implying  that  load  transfer  in  tension  to  the  MWNTs  was  negligible.  This 
was  attributed  to  the  fact  that  the  inner  tubes  were  sliding  within  the  outer  tubes  so  the 
load  was  not  efficiently  transferred  to  all  the  layers  in  the  coaxial  MWNT  assembly.  This 
may  also  occur  due  to  the  extremely  low  interfacial  shear  stresses  between  MWNTs  and 
matrix  arising  from  poor  interfacial  bonding.  Using  SEM  and  micro-Raman  spectroscopy, 
Ajayan  et  al.  [45]  studied  the  failure  of  SWNT/epoxy  composite  loaded  axially  in  tension 
and  compression  and  obtained  similar  conclusions.  No  shift  of  Raman  peak  in 
compression  and  only  a  slight  trend  to  lower  wave  numbers  in  tension  was  seen.  They 
suggested  poor  interfacial  load  transfer  between  nanotubes  and  matrix  polymers  due  to 
tube  sliding  within  the  rope. 

1.7.3.  Alignment  of  carbon  nanotubes 

Both  theoretical  and  experimental  investigations  revealed  that  most  of  the  properties  of 
carbon  nanotubes  are  highly  anisotropic.  The  orientations  of  nanotubes  have  a  significant 
influence  on  the  bulk  properties  of  nanotube-reinforced  composites.  However,  most 
carbon  nanotubes  produced  by  arc-discharge,  laser  vaporization  or  chemical  vapor 
deposition  methods  are  randomly  oriented.  Many  potential  nanotube  applications  are 
hindered  by  the  lack  of  alignment.  To  fully  utilize  their  anisotropic  properties,  carbon 
nanotubes  must  be  aligned  in  composites. 

Ajayan  et  al.  [46,  47]  first  observed  aligned  nanotubes  in  composites.  They  fabricated  a 
composite  with  carbon  nanotubes  randomly  dispersed  inside  an  epoxy  matrix  and  found 
that  slicing  the  composite  caused  partial  alignment  of  the  nanotubes  on  the  cut  surface. 
Most  of  the  longer  and  thinner  tubes  were  aligned,  while  the  shorter  and  thicker 
nanotubes  were  not  oriented.  Jin  et  al.  [48]  showed  that  aligned  nanotube  composites 
could  be  achieved  by  mechanically  stretching  the  composite  above  the  glass  transition 
temperature  of  the  polymer.  X-ray  analysis  performed  on  the  composites  showed  the 
degree  of  alignment  could  be  varied  with  the  stretching  ratios.  However,  degree  of 
alignment  was  the  same  at  a  given  stretching  ratio,  regardless  of  the  sample  thickness. 
Haggenmueller  et  al.  [49]  showed  that  melt  spinning  of  SWNTs  in  fiber  form  could  also 
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create  well-aligned  nanotube  composites.  Walters  et  al.  [50]  achieved  an  aligned 
buckypaper  of  SWNTs  by  introducing  a  SWNTs  suspension  to  a  strong  magnetic  field  to 
align  the  tubes  and  filter  the  suspension.  Good  tube  alignment  was  observed  in  the 
magnetically  aligned  buckypapers. 

1.8.  Functionalization  of  Nanotubes 

Due  to  their  excellent  mechanical  properties,  SWNTs  show  exceptional  promise  for 
composite  reinforcement  applications.  However,  the  van  der  Waals  attraction  among 
SWNTs,  causing  them  to  bond  together  and  form  bundles  and  ropes,  creates  problems  in 
tube  dispersion  and  tube-to-tube  sliding  under  tension  [46,  51,  52].  The  intrinsic  smooth 
surface  and  chemical  stability  also  result  in  poor  interfacial  bonding  between  SWNTs  and 
matrix.  This  also  causes  load  transfer  problems.  SWNTs  will  pull  out  from  the  matrix 
instead  of  fracturing  [53].  Functionalization  is  considered  a  solution  to  these  problems. 

Schadler  et  al.  [54]  modified  the  surface  of  MWNTs  by  using  small  molecules  and 
polymer  chains.  Carboxylic  acid  was  attached  to  the  MWNTs  surface  as  small  molecules 
by  refluxing  MWNTs  in  HNO3.  Quantitative  analysis  of  the  carboxylic  acid 
concentration  using  titration  confirmed  the  presence  of  carboxylic  groups  on  the  surface 
and  showed  a  concentration  of  1.9e'4  moles  COOH  per  lg  nanotubes  for  MWNTs  treated 
for  90  minutes.  The  longer  carboxylation  times  resulted  in  a  high  tube  solubility  in  water 
or  resin  for  composites  application. 

Further  modifications  of  carboxylated  nanotubes  included  their  reaction  with  butyl 
glycidyl  ether  (BGE).  The  elastic  modulus  of  the  carboxylated  and  BGE  modified 
MWNT/polycarbonate  composites  indicated  that  the  BGE  modified 
MWNT/polycarbonate  composites  showed  a  significant  improvement  in  the  modulus 
compared  to  the  carboxylated  MWNT/polycarbonate  composites.  The  5wt%  BGE 
modified  MWNT/polycarbonate  composites  had  almost  twice  the  modulus  of  the  pure 
polycarbonate,  which  indicated  an  improved  load  transfer  after  functionalization.  Zhu  et 
al.  [55]  functionalized  SWNTs  by  using  an  optimized  H2SO4/HNO3  acid  treatment  and 
subsequent  fluorination.  The  functionalized  SWNTs  were  then  dissolved  in 
dimethylformamide  and  mixed  with  the  epoxy  resin.  Samples  of  lwt%  SWNTs  were 
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produced.  The  functionalized  nanotubes  were  observed  to  be  well  dispersed  and 
integrated  in  the  epoxy  resin  matrix,  which  is  shown  in  Figure  1.5.  The  mechanical 
properties  were  enhanced  by  a  30%  increase  in  modulus  and  18%  increase  in  tensile 
strength.  The  pristine  SWNTs  reinforced  composites  only  increased  5%  in  modulus  and 
decreased  slightly  in  tensile  strength,  as  shown  in  Table  1.2.  This  may  be  because  the 
functionalized  SWNTs  were  integrated  into  epoxy  composites  through  the  formation  of 
strong  covalent  bonds  in  the  course  of  epoxy  ring-opening  esterification  and  curing 
chemical  reactions. 

Table  l-2Young’s  modulus  and  tensile  strength  of  SWNT  composites 


epoxy  composite 

formulation 

Young's  modulus  E 
(MPa) 

tensile  strength  a 
(MPa) 

neat  resin  862/W 

2026 

83.2 

1%  BuckyPearl  SWNTs 

2123 

79.9 

1%  F -S WNT-COOH 

2632 

95.0 

Figure  1.5  Improved  tube  dispersion  in  epoxy  resin  of  functionalized  SWNTs 

To  improve  the  interfacial  interaction  of  SWNT/polymer  composites,  Gong  et  al.  [56] 
used  Polyoxyethylene  8  lauryl,  (CH3-(CH2)n(0CH2CH2)70CH2CH3)  or  C^EOg  as 
surfactant  to  disperse  the  SWNT  into  polymer.  The  storage  moduli  and  glass  transition 
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temperature  of  the  neat  resin  and  carbon  nanotube  composite  samples  are  listed  in  Table 
1.3.  Using  surfactants  as  processing  aids  was  found  to  improve  the  thermomechanical 
properties  of  carbon  nanotube/polymer  composites.  The  addition  of  only  1  wt  %  carbon 
nanotubes  in  the  composite  increased  the  glass  transition  temperature  from  63°C  to  88°C. 
The  elastic  modulus  also  increased  by  more  than  30%.  In  contrast,  the  addition  of  carbon 
nanotubes  without  the  surfactant  only  had  moderate  effects  on  the  glass  transition 
temperature  and  the  mechanical  properties.  The  SEM  image  shown  in  Figure  1.6 
indicates  that  the  addition  of  the  surfactant,  greatly  improved  the  dispersion  of  SWNTs  in 
the  epoxy  . 


Table  1-3  Storage  moduli  and  glass  transition  temperature  of  neat  resin  and  carbon  nanotube 

composites  sample 


samples 

<J  (GPa) 

Tg  (°C) 

-60  °C 

;  -20  °c 

20  °C 

tan  d 

G' 

(a)  epoxy 

1.90 

1.65 

1.43 

63 

50 

(b)  epoxy +C12EO8 

1.53 

1.38 

1.20 

62 

47 

<c)  epoxy  +  1  %  tube 

2. 12 

1.90 

1.60 

72 

53 

{d)  epoxy  +  C12EO8  +  1%  tube 

2  54 

2.18 

1.80 

88 

64 
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Figure  1.6  SEM  photographs  of  carbon  nanotubes  on  fracture  surfaces  of  the  composite  samples: 

(a)  with  C|2E08  and  (b)  without  C^EOg 

1.9.  Conclusions 

There  are  two  types  of  carbon  nanotubes,  SWNTs  and  MWNTs.  SWNTs  tend  to  self- 
assemble  into  ropes  due  to  the  van  der  Waals  force  between  individual  SWNTs.  Carbon 
nanotubes  can  be  synthesized  using  various  methods,  including  arc  discharge,  laser 
vaporization  and  chemical  vapor  deposition.  The  CVD  process  offers  the  best  known 
potential  for  large-scale  production  of  carbon  nanotubes.  Further,  CVD  can  synthesize 
carbon  nanotubes  with  controlled  diameter,  length  and  alignment.  Both  experimental  and 
theoretical  studies  show  that  carbon  nanotubes,  particularly  SWNTs,  have  outstanding 
mechanical  and  functional  properties,  such  as  electronic,  electrical,  magnetic  and  thermal 
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properties.  The  composite  community  considers  nanotubes  as  one  of  the  most  promising 
reinforcements  for  the  next  generation  polymer  composite  materials. 

Currently,  nanotube  based  composites  fabricated  by  directly  mixing  the  nanotubes  with 
polymers  do  not  yield  acceptable  properties  due  to  non-uniform  dispersion,  lack  of 
orientation  of  nanotubes,  and  weak  interface  between  nanotubes  and  polymer  matrix. 
Consequently,  the  resultant  composites  fail  to  live  up  to  the  quality  anticipated.  Yet, 
developing  of  innovative  processing  techniques  are  ongoing  to  properly  handle  and 
optimize  the  nanoscale  process  to  realize  the  full  potential  of  nanotubes.  A  more 
comprehensive  literature  review  report  has  been  submitted  to  AFRL  as  part  of  this 
project’s  deliverables  [57]. 
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2.  New  Manufacturing  Process  for  SWNT-Reinforced  Nanocomposites 
with  Controlled  Nanostructure  and  High  Tube  Loading: 
Buckypaper/Resin  infiltration 


Typically,  SWNTs  reinforced  composites  were  fabricated  by  directly  mixing  SWNTs 
into  polymers  [1-6],  followed  by  casting  or  injection  molding  techniques.  However, 
SWNTs  have  a  strong  tendency  to  form  bundles  by  aggregating  together  because  of  their 
large  surface  area  and  their  strong  van  der  Waals  interaction.  Their  nanoscale  dimension, 
stable  chemical  characteristics  and  smooth  surface  make  efficiently  dispersing  SWNTs 
into  a  polymer  matrix  and  controlling  the  final  nanostructure  of  the  composites  during  the 
processing  difficult,  if  not  impossible,  particularly  for  high  SWNT  loading  composites. 
Some  researchers  chemically  modified  the  nanotube  surface  to  improve  the  nanotubes 
dispersion  in  polymer  matrix  [7,  8].  However,  these  chemical  modifications  may  destroy 
the  pristine  structure  of  the  SWNTs  and  decrease  maximum  modulus  and  strength  of  the 
SWNTs  [9].  Therefore,  other  dispersion  methods  that  would  avoid  tube  structure  damage 
are  required.  Park  et  al.  tried  an  in-situ  polymerization  method  to  effectively  disperse  as- 
pristine  SWNT  bundles  into  polyimide  with  the  aid  of  sonication  [10].  Besides  the 
dispersion  issue,  the  rapidly  increasing  viscosity  of  the  polymer/tube  mixture  during 
processing  made  fabrication  of  high  SWNT  loading  in  composites  difficult.  The  reported 
SWNT  loading  of  the  composites  was  usually  less  than  10-15%  by  weight. 

In  this  research,  a  new  processing  technical  approach  was  developed  to  manufacture  the 
SWNT-reinforced  composites  with  controlled  nanostructure,  desired  tube  alignment  and 
high  tube  loading,  which  are  critical  for  developing  high  performance  nanocomposites.  In 
this  new  buckypaper/resin  infiltration  process,  SWNTs  are  first  dispersed  into  water  with 
the  aid  of  surfactant  and  sonicated  to  form  a  stable  suspension.  The  SWNT  suspension  is 
filtrated  to  form  buckypapers,  which  are  thin  sheets  composed  of  uniform  SWNT  rope 
networks.  A  diluted  low  viscosity  resin  solution  infiltrates  the  buckypaper  to  impregnate 
the  SWNT  rope  networks.  A  compressive  molding  process  is  then  used  to  cure  and  make 
the  final  composite  from  the  multilayered  resin-impregnated  buckypapers.  Tube 
alignment  of  the  composites  can  be  achieved  by  magnetically  aligning  the  SWNTs  in  the 
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buckypapers  in  a  high  magnetic  field.  This  chapter  describes  this  unique  composite 
manufacturing  process  of  buckypaper/resin  infiltration.  The  manufacture  of  random 
orientated  and  magnetically  aligned  buckypapers  are  discussed  in  Chapters  3  and  4, 
respectively.  The  mechanical,  electrical  and  thermal  property  properties  of  the  resultant 
materials  are  presented  in  Chapter  5. 

2.1.  Raw  Materials 

The  SWNTs  used  in  this  study  were  produced  by  Carbon  Nanotechnologies  Inc.  (CNI) 
under  the  brand  name  “BuckyPearls™.”  According  to  the  technical  sheet  provide  by  CNI, 
the  individual  tube  is  about  0. 8-1.2  nm  in  diameter  and  100-1000  nm  long.  The 
BuckyPearls  were  purified  SWNTs  product,  as  shown  in  Figure  2.1.  The  main  impurities 
are  metal  catalyst  particles  (10-12  w/w%)  and  amorphous  carbon.  The  bulk  density  of 
the  BuckyPearls  is  0.4g/cm3.  The  TEM  image  of  the  SWNTs  is  given  in  Figure  2.2.  The 
SWNTs  were  directly  used  without  further  purification. 


Figure  2.1  BuckyPearls  from  CNI 
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Figure  2.2  Clear  SWNT  ropes  in  BuckyPearls 

Shell  Chemical  produced  the  epoxy  resin  system  used  in  this  study.  EPON  862  is  a  low- 
viscosity,  liquid  epoxy  resin  manufactured  from  epichlorohydrin  and  Bisphenol-F 
(DGEBPF).  This  resin  contains  no  diluents  or  modifiers.  When  cross-linked  with 
appropriate  curing  agents,  superior  mechanical,  adhesive,  electrical  and  chemical 
resistance  properties  can  be  obtained.  The  epoxide  equivalent  weight  of  EPON  862  is 
166-167.  The  viscosity  of  EPON  862  at  25C  is  2700cp.  The  hardener  EPI  Cure  W  is  a 
type  of  DETDA  hardener  or  curing  agent.  The  resin  and  curing  agent  molecules  are 
shown  in  Figure  2.3. 


(a)  Chemical  structure  and  molecular  model  of  EPON  862 
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(b)  Chemical  structure  and  molecular  model  of  DETDA 


Figure  2.3  Molecular  models  of  an  EPON  862  epoxy  resin  and  curing  agent  (DETDA) 

2.2.  Buckypaper/Resin  Infiltration  Process 

Buckypapers  are  thin  (10~50  pm)  membranes  of  nanotube  networks  produced  by 
multiple-step  process  of  tube  dispersion  and  suspension  filtration.  Since  aqueous 
suspension  and  a  number  of  different  water-based  surfactants  can  be  used,  relatively  good 
tube  dispersion  can  be  expected  in  the  buckypapers.  The  formed  tube  networks  in  the 
buckypapers  can  be  retained  in  the  composite  fabrication  operation  and  transferred  into 
the  final  solid  nanocomposites.  In  other  words,  the  buckypaper  can  provided  a  preformed 
nanotube  reinforcement  structure  for  the  final  nanocomposites. 

2.2.1.  Preparation  of  buckypapers  of  randomly  orientated  SWNTs 

In  this  research,  buckypapers  of  random  oriented  SWNTs  were  produced  by  filtrating 
SWNT  suspensions.  The  concentration  of  the  aqueous  SWNT  suspension  was  40mg 
SWNTs/L.  Triton  X-100  (Fisher  Scientific)  was  used  as  surfactant.  The  buckypaper  was 
prepared  using  the  following  procedure: 

a)  Weigh  40mg  SWNTs  (BuckyPearls); 

b)  Grind  SWNTs  with  a  small  amount  water  (~10ml)  using  a  mortar  and  pestle; 

c)  Add  20ml  water  into  the  mortar  and  sonicate  5min  (Sonicator  3000,  Misonix  Inc.)  to 

form  a  black  thick  paste; 
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d)  Add  4g  surfactant  Triton  X-100  into  the  paste  and  transfer  paste  into  250ml  deioned 

water; 

e)  Sonicated  30  minutes  using  the  sonicator  with  full  power 

f)  Transfer  this  suspension  into  500ml  deioned  water  and  sonicate  another  30  minutes; 

g)  Add  additional  500ml  deioned  water  and  sonicate  30  minutes  to  form  a  stable  ink-like 

suspension; 

h)  Filtrate  resultant  suspension  through  a  nylon  filter  membrane  (47mm  diameter  and 

0.45  pm  pore  size)  with  the  aid  of  vacuum; 

i)  Wash  the  buckypaper  separately  with  water  and  iso-propanal  to  thoroughly  wash  away 

the  Triton  X-100; 

j)  Peel  off  buckypaper  from  the  nylon  membrane  and  dried  overnight  under  room 

temperature  and  then  dried  in  vacuum  oven  at  80°C. 

The  filtration  process  takes  8-12  hours  due  to  the  small  pore  size  of  the  filter  membranes. 
The  resultant  buckypapers  are  shown  in  Figure  2.4.  The  produced  buckypapers  are  thin 
black  membranes  less  than  50pm  thick.  The  buckypaper  were  strong  and  flexible  to  allow 
for  handling  similar  to  traditional  glass  fiber  mats. 


90  mm 


47  mm 


Figure  2.4  Buckypapers 
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2.2.2.  Characterization  of  nanostructure  of  the  buckypapers 

The  nanostructures  of  the  produced  buckypaper  and  buckypaper/epoxy  nanocomposites 
were  characterized  using  Scanning  Electron  Microscope  (Joel  6400F,  Joel  Co.)  and 
Atomic  Force  Microscope  (Dimension  3000,  Digital  Instrument  Co.).  SEM  and  AFM 
images  of  the  SWNT  buckypapers  are  shown  in  Figure  2.5  and  Figure  2.6,  respectively. 
The  buckypaper  showed  porous  network  structures  composed  of  “continuous”  SWNT 
ropes.  These  “continuous”  ropes  were  the  result  of  tube  self-assembly  by  van  der  Waals 
force  during  buckypaper  filtration.  The  rope  size  and  porous  structure  were  uniform, 
which  indicates  very  good  dispersion  of  the  nanotubes  in  the  suspension.  The  rope 
diameter  was  15-60  nm.  The  images  show  the  nanoscale  porous  structures  of  the 
buckypapers  with  pore  sizes  around  100-200  nm,  which  is  much  smaller  than  in  the 
traditional  glass  fiber  and  carbon  fiber  fabrics  or  mats,  indicating  that  the  wetting  and 
resin  infiltration  of  buckypaper-based  composites  will  occur  at  nanoscale,  and  a 
significant  impact  of  the  intense  molecular  interactions  can  be  expected.  More  detailed 
descriptions  and  analysis  of  buckypaper  manufacturing  process  are  provided  in  Chapter  3. 


Figure  2.5  SEM  image  of  the  random  buckypaper  nanostructure 
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Figure  2.6  AFM  image  of  the  random  buckypaper 

2.2.3.  Molecular  interactions  within  buckypapers 

When  the  liquid  epoxy  resins  are  infused  through  the  nanoscale  porous  structures  of  the 
buckypaper,  the  molecular  interactions  between  the  resin  molecules  and  carbon 
nanotubes  in  the  porous  structure  are  important  for  nanocomposite  processing.  These 
molecular  interactions  significantly  influence  the  processing  properties  of  the 
manufacturing  process,  which  in  turn  determines  the  mechanical  properties  of  the 
resultant  nanocomposites. 

A  wide  variety  of  factors  influences  the  molecular  interactions  in  the  porous  environment, 
such  as  the  affinities  of  epoxy  resins  for  carbon  nanotubes,  the  pore  structures  and  related 
processing  conditions.  However,  detecting  and  determining  the  molecular  behavior  inside 
the  nanoscale  pores  are  difficult.  Therefore,  computational  methods  provide  predictions 
of  the  molecular  interactions  in  the  nanoscale  pores  (nanopores).  Some  of  the 
assumptions  were  made  due  to  the  restrictions  on  the  computational  efficiency.  The  first 
assumption  was  on  the  pores,  which  were  constructed  with  four  individual  SWNTs, 
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without  considering  the  SWNT  ropes.  Secondly,  only  the  small  pore  size  was  considered 
although  the  actual  buckypaper  pore  size  is  around  hundred  nanometers.  With  these 
assumptions,  predicting  the  molecular  interactions  in  the  buckypaper  pore  structure 
becomes  possible  by  using  MD  simulation.  The  more  detailed  discussion  of  MD 
simulation  can  be  found  in  Chapter  6. 

In  the  MD  simulations,  a  model  of  buckypaper  pore  was  used  to  examine  the  molecular 
interactions  in  the  nanopore.  A  square  nanopore  was  constructed  with  four  (10,10) 
SWNTs  with  a  length  of  97  A.  The  resulting  pore  width  was  6  nm  x  6  nm  and  3  nm  thick. 
The  molecular  model  of  the  nanopore  is  shown  in  Figure  2.7.  When  processing 
buckypaper/epoxy  nanocomposites,  the  EPON  862  epoxy  resin  was  infused  into  the 
buckypaper  after  mixing  with  the  curing  agent.  The  liquid  resin  consisted  of  EPON  862 
epoxy  resin  and  DETDA  curing  agent  with  a  weight  ratio  of  100:26.4.  The  ratio  of  the 
resin  molecule  number  to  the  curing  agent  molecule  number  was  about  2: 1 ,  which  was 
used  in  the  simulation.  The  simulation  model  contained  7,145  atoms. 


EPON  862  DETDA 


Figure  2.7  Molecular  model  of  resin  flowing  though  a  small  nanotube  pore 

Snapshots  of  MD  simulation  results  are  shown  in  Figure  2.8.  Initially,  the  EPON  862 
epoxy  resin  and  curing  agent  molecules  were  placed  near  the  opening  of  the  pore  (some 
slightly  inside  the  pore,  some  well  outside  the  pore).  The  simulation  showed  that  during 
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the  initial  10  ps,  the  resin  molecules  changed  their  orientation  and  moved  towards  the 
nanotubes.  After  a  long  equilibration  period  of  80  ps,  the  resin  molecules  close  to  a 
nanotube  eventually  moved  closer  and  wetted  the  nanotube  due  to  their  attractive 
interaction.  However,  the  resin  molecules  in  the  middle  of  the  pore  remained  in  the  same 
location  due  to  the  resin  molecules’  weak  interactions  with  the  nanotubes.  Considering  a 
large  quantity  of  such  nanoscale  pore  structures  exit  in  the  buckypaper,  the  influences  of 
tubes/resin  molecular  interactions  during  composite  manufacturing  can  be  expected, 
which  are  usually  ignored  in  the  conventional  fiber/resin  composite  processing.  Further 
research  is  needed  to  reveal  the  influence  of  molecular  interactions  on  resin  flow  with 
nanoscale  pore  structures  of  buckypaper. 


(a)  Side  view  of  the  MD  simulation  results 
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(b)  Cross  sectional  view  of  the  MD  simulation  results 
Figure  2.8  MD  simulation  snapshots  of  the  molecular  interactions  in  a  buckypaper  pore  structure 


2.2.4.  Permeability  of  buckypapers 

Through  thickness  (z-direction)  permeability  of  the  produced  buckypaper  was  measured 
to  estimate  the  resin  infiltration  time  along  the  thickness  direction.  Water  was  used  as  the 
fluid  in  the  permeability  test.  The  experiment  was  carried  out  with  a  filtration  system.  A 
buckypaper  was  placed  inside  the  filter  and  sealed.  The  buckypaper  acted  as  a  filter 
membrane  in  this  test.  The  water  was  added  and  flowed  through  the  buckypaper  along  the 
thickness  direction  with  the  aid  of  a  vacuum.  The  water  flow  rate,  buckypaper  thickness, 
buckypaper  surface  area  and  vacuum  pressure  were  recorded  to  calculate  the  permeability. 
Under  this  experimental  condition,  the  permeability  in  the  z-direction  of  a  buckypaper  of 
20-50pm  thickness  and  the  nanoscale  pore  structure  was  measured.  The  z-direction 
permeability  Kz  was  calculated  using  the  following  equation  derived  from  Darcy’s  Law: 

K  =  QrjL  (21) 


where:  Q  is  the  flow  rate; 
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r|  is  the  viscosity  of  water; 


L  is  the  thickness  of  buckypaper;, 

P  is  the  vacuum  pressure; 
and  A  is  the  surface  area  of  buckypaper. 

The  permeability  test  results  are  listed  in  Table  2.1.  The  average  value  of  the 
buckypaper’s  z-direction  permeability  was  about  2xl0'iym2.  Compared  to  normal  glass 
fiber  reinforcement  fabrics  or  mats,  the  permeability  of  the  buckypaper  was  8-10  order 
lower.  The  small  in-plane  permeability  of  buckypaper  can  also  be  expected  due  to  its 
small  pore  sizes.  Therefore,  allowing  the  resin  flow  and  infuse  the  buckypaper  in  the  in¬ 
plane  direction  as  for  conventional  RTM  and  VARTM  processes  would  be  extremely 
difficult  due  to  the  thinness  (20-50p)  of  the  produced  buckypaper,  as  well  as  very  low 
permeability. 


Table  2-1  Kz  of  the  buckypapers 


Buckypaper  Thickness 

(ftm) 

25.4 

31.2 

35.7 

z-Permeability 

(m2) 

3.36xl0'19 

l.llxlO'19 

1.44X1019 

Average  z-Permeability 

(m2) 

1.97xl0'19 

To  allow  the  resin  system  to  completely  impregnate  the  entire  thickness  direction  of  the 
buckypaper,  the  minimum  infiltration  time  can  be  calculated  by  equation  2,  which  is  also 
derived  from  ID  Darcy’s  Law. 


,-*L 

KP 


(2) 
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where:  Kz  is  the  z-direction  permeability  of  buckypaper; 


r|  is  the  viscosity  of  resin; 

L  is  the  thickness  of  buckypaper; 

and  P  is  the  vacuum  pressure  for  resin  infusion. 

The  viscosity  of  EPON  862/EPI  Cure  W  (DETDA)  system  is  2700cp  at  room  temperature, 
which  means  that  under  a  full  vacuum,  complete  impregnation  through  a  40um  thickness 
buckypaper  at  room  temperature  will  take  more  than  60  hours.  During  such  a  long  period, 
the  EPON  862/EPI  Cure  W  system  will  partially  gel,  which  will  increase  the  viscosity 
and  require  an  even  longer  time  to  impregnate,  making  the  process  not  feasible.  Therefore, 
decreasing  the  viscosity  of  EPON  862/EPI  Cure  W  system  was  necessary.  Acetone  was 
used  to  dilute  the  resin  system  and  decrease  the  viscosity.  In  our  experiments,  the  content 
of  acetone  was  properly  controlled  such  that  enough  resin  was  left  within  the  final 
nanocomposites  after  the  evaporation  of  the  acetone.  The  chosen  weight  ratio  of  the 
EPON  862/EPI  Cure  W  system  EPON  to  acetone  was  10:7.  The  viscosity  of  the  diluted 
resin  solution  was  25cp  at  room  temperature.  A  5-hour  infiltration  time  was  chosen  to 
ensure  the  buckypaper  was  completely  impregnated,  which  was  indicated  by  observing  a 
liquid  resin  layer  appearing  on  the  opposite  surface  of  the  buckypaper  during  resin 
infiltration. 

2.2.5.  Resin  infiltration  of  the  buckypapers 

Resin  infiltration  was  performed  under  the  same  experimental  setup  as  the  permeability 
test.  Instead  of  water,  epoxy  resin  was  used  as  the  fluid.  The  EPON862  and  EPI  Cure  W 
were  mixed  at  a  weight  ratio  of  100:26.4.  The  mixed  resin  and  curing  agent  were  diluted 
with  acetone  at  the  weight  ratio  of  10:7  to  decrease  the  viscosity.  To  properly  impregnate 
the  SWNTs,  the  diluted  resin  system  was  allowed  to  flow  through  the  buckypaper  along 
its  thickness  direction  for  5  hours.  Figure  2.9  illustrates  the  buckypaper  before  and  after 
resin  infiltration,  showing  that  the  resin  completely  infiltrated  though  and  impregnated 
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the  buckypaper.  After  infiltration,  the  impregnated  buckypaper  was  soaked  into  EPON 
862  resin  system  overnight.  The  acetone  was  vaporized  in  the  vacuum  oven,  and  made 
ready  for  use. 


Backside  of  buckypaper  Release  film  Resin  covered  backside  of  buckypaper 


Figure  2.9  Buckypapers  before  and  after  resin  infiltration 


2.2.6.  Fabrication  of  SWNT  buckypaper/epoxy  nanocomposites 

SWNT  buckypaper/epoxy  resin  nanocomposites  were  prepared  using  the  compression 
molding  technique.  The  hot  press  machine  used  in  this  research  was  manufactured  by 
Carver  (Mode.  #3925).  Several  resin-impregnated  buckypapers  were  stacked  to  fabricate 
relatively  thick  (0.2-0. 5mm)  bulk  composite  samples.  The  mold  assembly  is  shown  in 
Figure  2.10.  Silicon  rubber  0.5  mm  thick  was  used  to  evenly  distribute  the  pressure  since 
the  buckypaper  was  too  thin.  The  thickness  control  film  was  the  PTFE  coating  film 
(0.12mm  thickness)  with  a  central  hole  the  diameter  slightly  larger  than  that  of  the 
composites  to  be  molded.  This  film  was  used  to  control  the  thickness  of  the  final 
composites.  Another  two  PTFE  films  served  as  the  release  films  and  control  the  surface 
quality  of  the  nanocomposite.  The  pressure  was  10kg/cm2.  The  curing  process  followed 
the  instructions  from  the  Shell  Chemical:  cure  at  177°C  for  2.5  hours  under  pressure;  cool 
to  room  temperature;  post  cure  in  an  oven  for  another  2  hours  at  177°C  and  cool  to  room 
temperature  inside  the  oven. 
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Mold  Plate 


Release  Agent 


Silicon  Rubber 


PTFE  Film 

*  Thickness  Control  Film 


Multilayers  of 

Resin  Impregnated  Buckypaper 


Figure  2.10  Mold  assembly  of  hot  press 

The  manufactured  random  buckypaper-reinforced  composites  are  listed  in  Figure  2.1. 
The  composites  have  a  diameter  of  47mm.  In  conventional  processing  techniques  of 
directly  mixing  resin  with  SWNTs,  even  less  than  lwt%  loading  of  SWNTs  mixed  in 
resin  will  result  in  extremely  high  viscosity.  High  viscosity  causes  dispersion  problems 
and  makes  manufacturing  the  composites  difficult,  if  not  impossible.  Using  the  proposed 
method,  the  high  viscosity  issue  has  been  completely  avoided  and  the  SWNT  loading  of 
the  resulting  composites  can  be  as  high  as  39wt%. 


Table  2-2  Random  buckypaper  nanocomposites 


Sample  No. 

No.  of  Buckypaper 
Layers 

Composites 

Thickness 

(mm) 

SWNT 

Content 

(wt%) 

A 

5 

0.198 

28.1 

B 

3 

0.114 

31.3 

C 

3 

0.220 

37.7 

D 

3 

0.246 

39.1 
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2.2.7.  Nanostructures  of  the  produced  buckypaper/epoxy  composites 

Figure  2.11  is  the  SEM  image  of  the  fracture  surface  of  the  SWNT  composite  samples  of 
more  than  30w/w%  tube  loading.  These  samples  were  fractured  under  tensile  force. 
Figure  2. 1 1  (a)  shows  the  cross-section  of  the  nanocomposite  sample,  indicating  that  the 
epoxy  resin  completely  impregnated  throughout  the  cross  section  of  the  buckypaper- 
reinforced  composites.  The  fracture  surface  was  coarse,  as  shown  in  Figure  2.11(b), 
which  may  indicate  that  the  composite  has  good  toughness  because  the  SWNT  tubes  are 
flexible  that  increases  not  only  the  stiffness  but  also  the  toughness.  Figure  2.1 1(c)  and  (c) 
show  that  the  SWNT  ropes  were  distributed  across  the  surface  and  show  a  continuous  and 
evenly  distributed  network.  Good  tube/resin  wetting  was  also  observed.  The  striking 
observation  was  the  morphology  of  SWNT  ropes,  which  were  surrounded  by  cured  epoxy 
resins,  as  shown  in  Figure  2.12  (AFM  images).  These  could  be  contrasted  from  the 
SWNT  ropes  in  the  buckypaper  before  resin  infiltration,  as  shown  in  Figure  2.5  and 
Figure  2.6.  The  porous  structure  of  the  original  nanotube  network  of  the  buckypapers  was 
replaced  by  the  epoxy  resin. 


(a)  Good  resin/buckypaper  impregnation  (b)  Rough  fracture  surface 
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(c)  SWNT  network  in  the  composites  (d)  SWNT  network  in  the  composites  (x30K) 


Figure  2. 1 1  SEM  images  of  the  fracture  surface  of  buckypaper  composites 


Figure  2.12  AFM  images  of  tube/resin  wetting  in  buckypaper  composites 

2.3.  Nanocomposites  of  Magnetically  Aligned  Buckypaper  Nanocomposites 

Due  to  their  nanoscale  dimension,  extra-large  surface  area  and  strong  molecular 

interactions,  SWNTs  have  the  tendency  to  form  ropes  that  aggregate  together  making 

direct  manipulation  of  large  quantity  of  nanotubes  difficult  for  achieving  desired 

alignment  during  nanocomposite  processing  [11-20].  Several  efforts  have  been  attempted 

to  control  tube  alignment  in  composites.  Ajayan  and  his  colleagues  observed  tube 

alignment  during  cutting  polymer/nanotube  samples  [21].  Stretch-induced  alignment, 
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which  involves  mechanically  stretching  the  SWNTs/PMMA  composites  at  an  elevated 
temperature  of  90°C,  has  also  been  attempted  [22,  23].  Nanotube  alignment  has  been 
reportedly  achieve  through  spinning  or  spooling  a  mixture  of  nanotubes/resin  into  fibers 
or  strip  forms,  which  is  called  flow-induced  alignment.  However,  these  methods  are 
considered  ineffective  since  only  local  and  relatively  low  degree  of  orientation  can  be 
randomly  achieved.  Possible  reasons  for  the  inability  of  aligning  tubes  in  composites  are 
high  resin  viscosity,  tube  aggregation  and  strong  tube/polymer  resin  molecular 
interactions  after  resin/tube  mixing. 

In  this  project,  nanocomposites  with  controlled  tube  alignment  and  high  tube  loading 
were  fabricated  by  using  the  magnetically  aligned  buckypapers/resin  infiltration  approach. 
Detailed  preparation  of  magnetically  aligned  buckypapers  is  discussed  in  Chapter  4.  By 
using  the  same  resin  infusion  approach  and  curing  parameters  as  outlined  in  Section  2.3, 
composite  samples  of  six-layer  magnetically  aligned  buckypaper/epoxy  were  successfully 
produced,  as  shown  in  Figure  2.13.  In  the  composite  processing,  all  six  aligned 
buckypapers  were  stacked  along  the  same  alignment  direction  to  produce  quasi- 
unidirectional  SWNT-reinforced  nanocomposites.  The  curvature  of  the  composite 
samples,  as  shown  in  Figure  2.13,  also  indicates  good  tube  alignment.  The  parameters  of 
the  produced  aligned  buckypaper  composites  are  provided  in  Table  2.3.  Since  SWNTs 
are  more  closely  packed  in  the  magnetically  aligned  buckypapers,  the  tube  content  of  the 
composites  is  relatively  high  than  that  of  the  random  buckypaper  composites.  The 
composite  samples  could  have  diameters  of  25-90  mm  and  thickness  of  40-200  pm 
depending  on  the  number  of  layers  of  impregnated  buckypapers  used. 


Figure  2.13  Curvature  of  magnetically  aligned  buckypaper  composite 
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Table  2-3  Parameters  of  magnetically  aligned  buckypaper  nanocomposites 


Sample 

Magnetic 

field* 

(T) 

SWNT  content  in 
nanocomposites 
(w/w%) 

Aligned  Nanotube/Epoxy  1 

17.3 

47.3 

Aligned  Nanotube/Epoxy  2 

17.3 

63.7 

Aligned  Nanotube/Epoxy  3 

17.3 

54.5 

♦Magnetic  strength  for  fabricating  aligned  buc 

cypapers  (see  Chapter  4) 

Figure  2.14  and  Figure  2.15  show  the  cross-sections  of  the  aligned  buckypaper 
composites,  which  indicates  that  the  tube  alignment  in  the  magnetically  aligned 
buckypaper  was  successfully  transferred  into  the  bulk  solid  composite  samples.  The 
SWNTs  and  resin  matrix  can  be  seen  to  have  achieved  good  impregnation  throughout  the 
cross-section  in  the  nanocomposites.  The  results  indicate  that  the  proposed  processing 
approach  is  effective  for  manufacturing  nanocomposites  with  high  loading  and  controlled 
tube  alignment  nanocomposites. 


Figure  2. 14  Tube  alignment  in  magnetically  aligned  buckypaper/epoxy  resin 
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Figure  2.15  Cross-section  of  magnetically  aligned  buckypaper/epoxy  composite  (XI 2,  000) 

2.4.  Conclusions 

The  research  developed  a  novel  processing  technique  for  producing  buckypapers  of 
preformed  SWNT  network/resin  infiltration  to  fabricate  SWNTs-reinforced 
nanocomposites  with  controlled  nanostructure,  desired  tube  alignment  and  high  tube 
loading,  which  are  very  difficult  to  achieve  by  using  conventional  methods  of  directly 
mixing  nanotube  with  resin  matrix.  The  experimental  results  show  that  both  random  and 
oriented  SWNT  nanocomposites  can  be  produced  with  high  tube  loading  (23~60w/w%). 
Uniformly  dispersed  SWNT  networks  and  good  nanotube/resin  impregnation  were 
observed  in  random  buckypaper/epoxy  composite  samples.  Significant  tube  alignment  in 
the  magnetically  aligned  buckypaper  nanocomposite  was  also  demonstrated.  This  unique 
processing  technique  is  an  effective  method  for  developing  SWNTs-reinforced 
nanocomposites  for  high  performance  structures,  thermal  management  and  electrical 
conducting  applications 
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3.  Investigation  of  Buckypaper  Fabrication  Process 


Developing  an  effective  fabrication  process  for  SWNT  buckypapers  is  a  crucial  step  to 
realizing  the  concept  of  the  novel  buckypaper/resin  infiltration  process,  since  nanotube 
dispersion  and  distribution  characteristics  will  be  preformed  during  this  stage  and  then 
directly  transferred  into  the  final  composite  products.  Therefore,  the  quality  of 
buckypaper  significantly  influences  the  various  properties  of  the  nanocomposites.  This 
chapter  details  the  design  of  experiment  (DOE)  approach  employed  to  investigate  the 
influences  of  the  selected  processing  parameters  on  the  quality  of  the  produced  randomly 
orientated  buckypapers.  A  buckypaper  process  model  was  also  established  based  on  the 
results. 

Since  multiple  steps  are  involved  in  buckypaper  manufacturing  and  quality 
characterization,  all  relevant  operations  for  consistency  must  be  standardized.  With  such 
standardization,  we  can  obtain  more  consistent  and  reliable  results  for  building  process 
models.  Therefore,  investigating  the  buckypaper  manufacturing  and  characterization  is 
classified  into  three  successive  steps:  1)  manufacturing  process,  2)  SEM/AFM  image 
acquisition,  and  3)  image  analysis  and  measurement.  In  the  manufacturing  stage, 
procedures  were  standardized  to  minimize  time  variations  and  the  same  supply  of  raw 
materials  was  used  throughout  all  the  experiments.  The  processing  parameter  for  each 
step  was  clearly  defined,  so  that  all  experiments  were  conducted  by  following  standard 
procedures.  In  the  image  acquisition  stage,  two  types  of  microscopes  were  used  to 
observe  microstructures  and  nanostructures  of  the  buckypapers.  The  procedures  for 
structural  observation  were  also  standardized.  In  the  measurement  stage,  rules  of 
measurement  were  established  and  techniques  of  image  processing  were  introduced.  With 
such  standardization,  buckypaper  samples  were  characterized  on  the  same  basis,  and  the 
quality  of  buckypaper  was  measured  consistently  for  analysis. 
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3.1.  Manufacturing  Process 


The  manufacturing  process  was  standardized  so  that  each  buckypaper  sample  was 
produced  using  the  same  procedure.  The  standard  manufacturing  process  is  shown  in 
Figure  3.1.  The  bold  fonts  were  factors  considered  important  to  the  quality  of  buckypaper, 
which  are  set  according  to  the  DOE  analysis.  All  experiments  used  the  nanotubes  from 
the  same  batch  of  BuckyPearls,  purchased  from  CNI  (Carbon  Nanotechnologies  Inc.),  so 
that  unknown  variance  from  different  material  batches  could  be  at  least  minimized,  if  not 
eliminated. 


Ground  into  powder 

SWNT  Powder 

manually  in  3  inches  mortar  I 

BuckyPearl  ™  JT~ 

for  10  min  with  10-20  ml 

deionized  water 

> 


Sonicating  for  10  min 
with  power  30-50 
watts 


Add  deionized  water 

Intensive  Sonication  for 

Add  Surfactant  (E) 

according  to  m - 

different  Time(C)  and  Bt - 

0.4%  by  volume  and 

Concentration  (B)  |J 

Power  (D) 

add  water  to  100  ml  | 

Sonicating  for  20  min 

l  „ 

with  power  30-50  watts  |l 

i  * 

Filtration  with  I 

Use  water  250  ml  to 

Vacuum  Press  u  ref  A)  I 

r 

wash  out  surfactant  P 

Dry  in  vacuum 
oven  for  15  min 


Dry  NBP  in  air  for  12 
hr,  and  then  peel  off 
from  membrane 


Use  acetone  50ml 
to  wash  out  water 


Figure  3.1  Standardized  buckypaper  manufacturing  process 

3.2.  Procedure  for  SEM/AFM  Image  Acquisition 

The  nanostructures  of  the  produced  buckypapers  were  observed  by  Scanning  Electron 
Microscopy  (SEM)  and  Atomic  Force  Microscopy  (AFM).  SEM  scans  the  buckypaper 
surface,  starting  with  low  magnification  ( x  500-  x  2,000)  and  increases  to  higher 
magnifications  (x 5,000- x 70,000).  From  the  observation  at  low  magnification,  effects  of 
the  selected  surfactants  on  surface  quality  can  be  easily  identified.  Based  on  these 
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observations,  the  locations  of  more  representative  areas  for  further  observations  at  high 
magnification  are  determined.  To  explain  representative  areas  of  the  sample,  a  standard 
procedure  of  structure  observation  was  developed  for  the  project,  as  shown  in  Figure  3.2. 
The  figure  provides  multiple  images  of  a  buckypaper  sample  under  different 
magnifications.  Figure  3.2  (a)  shows  the  sample  surface  under  low  magnification,  from 
which  large  particles  deposited  on  the  surface  can  be  observed.  The  area  was  enlarged 
into  Figure  3.2(b),  showing  flat  areas  among  the  large  particles.  The  flat  areas  were 
observed  under  increased  magnification.  Figures  3.2(c)  and  (d)  are  two  observed  areas 
with  the  same  magnification  from  the  marked  squares  in  Figure  3.2(b),  showing  that 
ropes  are  evenly  distributed  in  these  two  different  areas,  which  means  a  representative 
area  can  be  found  within  these  regions.  With  increased  magnifications,  the  network  of 
SWNTs  was  gradually  explored,  as  shown  in  Figures  3.2(e)  and  (f).  Magnification  was 
increased  until  clear  rope  distribution  could  be  found  and  measured,  as  shown  in  Figure 
3.2(g).  The  AFM  can  only  scan  in  a  small  (several  microns)  region  that  was  selected  as 
representative  area  in  microcopy.  In  AFM  images,  the  local  rope  distribution  can  be 
clearly  observed. 

3.4  Measurement  of  Buckypaper  Nanostructure 

Based  upon  previous  findings,  the  measurement  methods  were  modified  to  obtain  more 
accurate  and  consistent  measurements.  Two  criteria,  rope  size  and  pore  size,  were  used  to 
analyze  and  evaluate  the  dispersion  effects  of  the  SWNTs  in  the  buckypapers.  The 
averaged  rope  size  represents  the  dispersion  ability  of  breaking  tube  tangles  and 
aggregations,  and  the  standard  deviation  of  rope  size  evaluates  the  uniformity  of 
dispersion  ability.  The  pore  sizes  and  their  standard  deviation  examine  the  uniformity  of 
how  evenly  the  nanotubes  were  distributed  in  the  buckypaper. 
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(C) 


(d) 


(e) 


(f) 


Figure  3.2  Standard  procedure  of  structure  observation 


(g) 
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3.2.1.  Measurement  of  SWNT  rope  size 

After  taking  the  SEM/AFM  images,  image  processing  software  packages,  including 
NanoScope  and  Photoshop,  were  utilized  to  measure  rope  diameters.  A  multitude  of 
ropes  were  distributed  in  the  image  and  no  available  image  processing  software  was 
available  for  such  an  analysis.  Therefore,  defining  standard  rules  for  measurement  was 
required  so  that  the  measurements  of  ropes  were  consistent  and  representative  based  on 
limited  measurements.  Rules  were  established  so  that  the  measurements  were  made  by 
following  the  same  procedures  for  all  images.  SEM  pictures  and  AFM  images  were 
analyzed  as  follows: 

•  A  SEM  image  was  divided  into  three  equal  sections,  and  a  diagonal  line  was 
drawn  through  the  picture.  In  each  section,  ten  nanotubes  were  randomly 
selected  for  measurement.  Only  those  nanotubes  that  passed  through  the 
diagonal  line  were  be  measured,  as  shown  in  Figure  3.3. 

•  AFM  images  have  a  smaller  scale  than  SEM  images.  Therefore,  three  images 
were  taken  for  each  sample  to  obtain  more  general  information.  A  diagonal 
line  was  drawn  in  each  image  and  ten  ropes  passing  through  the  diagonal  line 
were  selected  for  measurement.  An  example  of  AFM  image  is  shown  in 
Figure  3.4. 

The  diameter  of  the  rope  is  defined  as  the  length  perpendicular  to  the  longitudinal  of  the 
rope  direction,  which  is  shown  in  Figure  3.5.  Only  those  individual  ropes  that  pass 
through  the  diagonal  were  measured.  Ten  ropes  were  randomly  selected  from  each 
section,  based  on  a  random  number  table.  The  average  and  standard  deviations  of  the 
diameters  were  calculated. 
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Diagonal 


Section  1 


Section  2 


Section  3 


Figure  3.3  SEM  image  analysis 
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Diagonal 


Figure  3.4  AFM  image  analysis 


Figure  3.5  Measurement  of  rope  diameter 


3.2.2.  Measurement  of  pore  size  in  buckypapers 

A  pore  in  buckypaper  is  defined  as  the  space  between  ropes.  The  pore  size  is  an 
important  criterion  to  evaluate  the  uniformity  of  rope  distribution  and  processing 
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properties  for  the  resin  infiltration  and  impregnation  of  buckypapers.  The  measurement  of 
the  pore  size  was  based  upon  SEM  images.  The  pore  size  was  analyzed  by  a  Matlab 
image  processing  analyzer.  These  images  were  compressed  into  two  dimensions  then 
leveled,  monochrome  and  digitalized,  as  shown  in  Figure  3.6. 


Figure  3.6  Image  processing  of  pore  size  measurement:  (a)  original  image,  (b)  leveled  and 
monochrome  image,  (c)  digital  matrix  of  selected  region  in  (b) 

The  procedure  for  pore  size  measurement  is  described  as  follows. 


Step  1:  Load  image.  Read  image,  and  convert  into  a  digital  matrix. 

Step  2:  Estimate  the  background.  Estimate  the  background  illumination  to  eliminate 
unbalanced  brightness. 

Step  3:  Subtract  the  background  from  the  original  image.  Remove  background  to  create 
an  image  with  more  uniform  background. 

Step  4:  Increase  the  image  contrast.  Adjust  the  contrast  of  the  image. 

Step  5:  Create  binary  image.  Convert  a  binary  version  of  the  image. 

Step  6:  Collect  basic  pore  information.  Measure  the  number  and  area  of  pores. 

Step  7:  Compute  statistical  properties  of  pore  size.  Generate  statistics  including  mean  and 
standard  deviation. 
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3.3.  Experimental  Design  of  Buckypaper  Process  Investigation 

Five  processing  factors  that  impact  buckypaper  quality  were  chosen  for  manufacturing 
process  investigation  and  model  building.  These  factors  were  suspension  concentration, 
sonication  level,  sonication  time,  vacuum  pressure  and  surfactant  type.  The  concentration 
of  suspension  represents  the  content  of  nanotubes  suspended  in  water.  Theoretically,  the 
more  nanotubes  included,  the  harder  the  bundles  to  be  broken.  However,  a  sufficient 
quantity  of  nanotubes  to  rapidly  produce  high  quality  buckypapers  was  also  a  concern  in 
process  efficiency  [1],  It  is  believed  that  high  power  and  long  sonication  time  can 
effectively  break  nanotubes,  but  over-sonication  will  result  in  broken  tubes  pieces  and 
reduce  the  effectiveness  of  the  nanotubes  [2].  A  Sonicator  3000  was  used  as  for 
sonication.  Using  tip  sonication  method,  the  ultrasonic  motion  can  break  nanotube 
bundles  into  individual  nanotubes.  The  vacuum  pressure  applied  during  filtration 
determines  the  filtration  time.  A  shorter  the  filtration  time  allows  the  suspension  to 
remain  stable  and  dispersed  [3].  The  all  surfactants  selected  demonstrated  good 
dispersion  effects  in  nanotube  suspensions.  However,  only  Triton  X-100  has  been  used  to 
make  buckypapers  [4,5],  and  the  effects  of  NaDDBS  and  SDS  are  still  unknown.  The 
level  settings  of  these  factors  were  uncertain,  and  DOE  helped  determine  what  factors  are 
statistically  influential,  how  the  factors  influence,  and  the  level  setting. 

Since  these  five  factors  are  considered  crucial  to  the  quality  of  buckypapers,  we  used  the 
current  processing  parameters  as  the  center  point,  and  the  possible  operating  region  was 
used  as  the  range  of  factor  levels  in  the  design  of  experiments.  Four  of  the  factors  were 
quantitative  factors  with  two  levels.  Only  the  surfactant  type  was  a  qualitative  factor  with 
three  levels.  To  conduct  the  experiments  efficiently,  half  fraction  of  experiments  were 

conducted.  The  resulting  design  was  a  mixed-level  design  (24  'x3‘)  with  three  half 
fractional  factorial  designs  for  three  surfactants.  The  results  of  the  experimental  design 
are  given  in  Table  3.1.  The  bold  lines  indicated  the  central  point  of  the  DOE  in  the  Table. 
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Table  3-1  DOE  experiment  list 


Standard 

Number 

Run 

Number 

A 

Vacuum 

Pressure 

(Hg/inch) 

B 

Suspension 

Concentration 

(mg/l) 

C 

Sonicate 

Level 

(level) 

D 

Sonicate 

Time 

(min) 

E 

Surfactant 

Type 

i 

20 

9 

10 

6 

20 

NaDDBS 

2 

23 

29 

10 

6 

100 

NaDDBS 

3 

2 

9 

70 

6 

100 

NaDDBS 

4 

27 

29 

70 

6 

20 

NaDDBS 

5 

13 

9 

10 

10 

100 

NaDDBS 

6 

12 

29 

10 

10 

20 

NaDDBS 

7 

11 

9 

70 

10 

20 

NaDDBS 

8 

25 

29 

70 

10 

100 

NaDDBS 

9 

10 

19 

40 

8 

60 

NaDDBS 

10 

14 

19 

40 

8 

60 

NaDDBS 

11 

15 

9 

10 

6 

100 

Triton  X-100 

12 

21 

29 

10 

6 

20 

Triton  X-100 

13 

18 

9 

70 

6 

20 

Triton  X-100 

14 

28 

29 

70 

6 

100 

Triton  X-100 

15 

8 

9 

10 

10 

20 

Triton  X-100 

16 

7 

29 

10 

10 

100 

Triton  X-100 

17 

1 

9 

70 

10 

100 

Triton  X-100 

18 

29 

29 

70 

10 

20 

Triton  X-100 

19 

4 

19 

40 

8 

60 

Triton  X-100 

20 

22 

19 

40 

8 

60 

Triton  X-100 

21 

17 

9 

10 

6 

100 

SDS 

22 

30 

29 

10 

6 

20 

SDS 

23 

6 

9 

70 

6 

20 

SDS 

24 

9 

29 

70 

6 

100 

SDS 

25 

3 

9 

10 

10 

20 

SDS 

26 

26 

29 

10 

10 

100 

SDS 

27 

5 

9 

70 

10 

100 

SDS 

28 

19 

29 

70 

10 

20 

SDS 

29 

16 

19 

40 

8 

60 

SDS 

30 

24 

19 

40 

8 

60 

SDS 

60 


3.4.  Fabrication  of  the  Buckypaper  for  DOE  Investigation 

Based  on  Table  3.1  of  DOE  sample  design,  thirty  randomly  oriented  buckypapers  were 
produced  using  the  standardized  manufacturing  procedure,  as  defined  in  Section  3.2. 
Figure  3.7  shows  the  produced  buckypapers. 


Figure  3.7  Buckypaper  samples  for  the  DOE  analysis 


3.5.  Measurement  of  the  Buckypapers  for  DOE 

The  standardized  measurement  defined  in  Figure  3.4  was  used  to  measure  all  the 
produced  buckypapers.  Considering  the  possible  variations  of  the  nanostructure 
measurements  of  the  buckypapers,  two  operators  measured  the  rope  size  of  each  sample 
twice.  The  purpose  of  this  arrangement  was  to  test  the  repeatability  of  the  measurement 
rules  and  also  evaluate  the  impact  of  measurements.  As  a  result,  we  built  four  blocks  to 
evaluate  the  effect  of  measurement.  The  first  block  included  the  first  measurements  made 
by  operator  1,  and  the  second  block  contained  the  repeated  measurement  by  the  same 
operator.  The  third  and  fourth  blocks  contained  the  two  repeated  measurements  made  by 
operator  2,  which  only  contained  center  points.  Sample  19  of  Table  3.1,  one  of  the  two 
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central  point  of  Triton  X-100  surfactant  buckypaper,  will  be  used  as  an  example  to 
illustrate  the  measurement  procedure  and  data  collection  used  in  this  project. 


The  processing  parameters  of  Sample  19  are  given  in  Table  3.2.  The  SEM  images  of  the 
sample  are  shown  in  Figure  3.8  (a),  (b),  and  (c).  The  surface  of  the  sample  is  rough  at  low 
magnifications,  but  uniform  rope  networks  can  be  seen  at  higher  magnifications.  The 
original  SEM  image  used  to  measure  tube  rope  size  is  shown  in  Figure  3.9  (a),  and  Figure 
3.9  (b)  shows  the  histogram  of  rope  size  distribution  from  the  measurement.  The  rope 
distribution  was  near  a  normal  distribution  with  the  mean  of  16.95  nm,  with  a  standard 
deviation  of  3.76  nm.  Table  3.4  lists  the  four  repeated  measurements  of  rope  size  by  two 
operators.  These  four  measurements  were  averaged  and  the  standard  deviation  is 
provided.  Figure  3.10  illustrates  the  image  processing  for  pore  size  analysis.  The 
histogram  of  pore  size  distribution  is  shown  in  Figure  3.11  (a),  which  is  near  an 
exponential  distribution  with  the  mean  of  4126.73  nm2,  and  a  standard  deviation  of 
5617.16  nm  .  Figure  3.11  (b)  shows  the  cumulative  pore  size  distribution,  indicating  that 
90%  of  pore  sizes  are  smaller  than  15,000  nm  .  In  conclusion,  sample  No.  19  had  a  fair 
surface  quality  with  good  dispersion.  The  average  rope  size  was  16.95  nm,  standard 
deviation  was  3.76  nm,  the  average  pore  size  was  4126.73  nm2,  and  the  standard 
deviation  of  pore  size  was  5617.16  nm2. 


Table  3-2  Processing  parameters  and  measurement  results  of  sample  19 


Factors 

Vacuum 

Pressure 

(Hg/inch) 

Concentratio 

n 

(mg/1) 

Sonication 

Power 

(level) 

Sonication 

Time 

(min) 

Surfactant 

Type 

19 

40 

8 

60 

Triton  X-100 

Responses 

Surface 

Quality 

Average 
Rope  Size 
(nm) 

Standard 
Deviation  of 
Rope  Size 
(nm) 

Average 
Pore  Size 
(nm2) 

Standard 
Deviation 
of  Pore  Size 
(nm2) 

Fair 

16.95 

3.76 

4126.73 

5617.16 
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(a)  x  1,500  (b)  x  10,000 


(c)  x  30,000 

Figure  3.8  SEM  images  of  sample  19 


(a)  Original  image 


Rope  Size  Distribution 


Rope  Size  (nm) 

(b)  Histogram  of  rope  distribution 


Figure  3.9  Measurement  of  rope  size 
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Table  3-3  Measurement  results  of  SWNT  ropes  in  sample  19 


First 

Measurement 

Second 

Measurement 

Third 

Measurement 

Fourth 

Measurement 

a 

b 

c 

a 

B 

c 

a 

b 

c 

a 

b 

c 

1 

11.86 

16.95 

18.64 

11.86 

15.25 

13.56 

22.41 

18.97 

18.97 

20.69 

15.52 

15.52 

2 

15.25 

16.95 

18.64 

13.56 

15.25 

18.64 

18.97 

20.69 

20.69 

22.41 

20.69 

20.69 

3 

13.56 

20.34 

16.95 

10.17 

18.64 

15.25 

17.24 

24.14 

24.14 

22.41 

18.97 

20.69 

4 

11.86 

20.34 

15.25 

8.47 

20.34 

15.25 

17.24 

20.69 

15.52 

15.52 

18.97 

15.52 

5 

13.56 

16.95 

18.64 

15.25 

18.64 

16.95 

15.52 

20.69 

18.97 

12.07 

18.97 

18.97 

6 

13.56 

18.64 

16.95 

11.86 

18.64 

16.95 

13.79 

22.41 

18.97 

15.52 

24.14 

13.79 

7 

10.17 

25.42 

13.56 

11.86 

23.73 

16.95 

25.86 

24.14 

17.24 

17.24 

24.14 

18.97 

8 

13.56 

15.25 

11.86 

11.86 

16.95 

11.86 

12.07 

20.69 

24.14 

25.86 

17.24 

18.97 

9 

25.42 

6.78 

13.56 

27.12 

8.47 

13.56 

13.79 

13.79 

13.79 

17.24 

13.79 

12.07 

10 

8.47 

18.64 

15.25 

8.47 

13.56 

15.25 

12.07 

17.24 

20.69 

13.79 

15.52 

15.52 

Average 
Rope  Size 

16.95  nm 

Standard 
Deviation  of 
Rope  Size 

3.76  nm 

(a)  Original  image  (56,666nm  x  58,421nm)  (b)  Black  and  white  scale  image 

Figure  3.10  Image  processing  of  pore  size 
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Port  Silt  Distribution 


Cumulative  Distribution 


(a)  Pore  size  distribution  (b)  Cumulative  distribution 

Figure  3.1 1  Histogram  of  pore  size  distribution  of  Sample  19 

The  same  procedure  was  used  for  characterizing  all  30  samples.  Table  3.4  summarizes 
the  results  of  rope  size  measurement.  The  notation  “01  Ml”  denotes  the  first 
measurement  made  by  operator  1,  which  is  the  first  block  in  the  design.  “01M2” 
indicates  the  second  measurement  made  by  the  same  operator,  which  is  the  second  block. 
“02M1”  and  “02M2”  only  apply  to  the  six  center  points,  which  form  the  third  and  forth 
blocks.  The  blocking  was  only  built  for  average  rope  size  and  standard  deviation  of  rope 
size,  in  which  measurements  were  taken  manually.  The  pore  size  was  analyzed  by  Matlab 
image  processing  analyzer,  which  is  repeatable.  No  block  was  built  to  evaluate  the 
repeatability  of  pore  size  measurement  [6,7].  In  this  project,  the  blocking  method  was 
used  to  evaluate  the  variability  transmitted  from  repeated  measurements  and  different 
operators. 


Table  3-4  Measurement  results  of  30  buckypaper  samples 


Standard 

Number 

Run 

Number 

Average  Rope  Size 
(nm) 

Standard  Deviation  of  Rope  Size 
(nm) 

Robust 

C.V.  of 

Pore  Size 

(%> 

OlMl 

01M2 

02M1 

02M2 

OlMl 

01M2 

02M1 

02M2 

1 

20 

21.91 

20.47 

6.89 

4.76 

51.35% 

2 

23 

31.73 

33.29 

10.44 

9.94 

76.92% 

3 

2 

28.43 

26.18 

6.49 

9.72 

53.03% 

4 

27 

43.21 

44.8 

22.3 

18.81 

64.56% 

5 

13 

106.62 

96.02 

29.37 

22.47 

62.34% 

65 


6 

12 

41.61 

35.93 

14.73 

13.6 

70.24% 

7 

11 

19.72 

19.44 

7.79 

5.68 

56.82% 

8 

25 

21.94 

22.39 

7.48 

6.9 

64.18% 

9 

10 

13.33 

12.66 

13.06 

13.85 

3.33 

3.07 

2.78 

2.87 

58.93% 

10 

14 

20.8 

20.03 

25.03 

26.59 

5.93 

6.31 

7.01 

7.61 

51.72% 

11 

15 

24.94 

23.39 

7.82 

8.68 

65.91% 

12 

21 

25.03 

22.72 

8.06 

6.43 

71.01% 

13 

18 

34.5 

33.28 

15.09 

11.32 

60.98% 

14 

28 

17.37 

17.07 

4.35 

4.05 

44.44% 

15 

8 

22.36 

20.51 

7.24 

6.65 

59.32% 

16 

7 

17.63 

16.02 

7.43 

5.03 

76.83% 

17 

1 

17.76 

15.34 

6.8 

5.57 

58.93% 

18 

29 

26.43 

26.61 

7.71 

6.87 

69.32% 

19 

4 

15.76 

15.14 

18.85 

18.05 

3.91 

3.85 

3.66 

3.62 

69.35% 

20 

22 

12.77 

12.49 

13.45 

12.82 

3.05 

2.94 

3.57 

3.54 

52.48% 

21 

17 

20.69 

18.28 

7.25 

8.5 

64.04% 

22 

30 

24.63 

23.84 

6.53 

5.39 

64.65% 

23 

6 

18.8 

19.99 

7.72 

8.6 

81.25% 

24 

9 

24.89 

21.52 

8.36 

8.45 

71.43% 

25 

3 

35.97 

34.21 

10.44 

7.62 

80.79% 

26 

26 

14.22 

14.67 

4.46 

4.44 

61.82% 

27 

5 

20.69 

19.88 

10.03 

0 

67.12% 

28 

19 

28.65 

26.75 

7.59 

8.33 

47.27% 

29 

16 

17.53 

17.24 

15.06 

16.16 

4.49 

4.4 

3.23 

3.24 

50.00% 

30 

24 

30.11 

30.83 

31.3 

32.44 

9 

9.9 

8.19 

8.53 

50.00% 

In  Table  3.4,  the  average  rope  size  indicates  the  dispersion  effect  of  the  process,  while  the 
standard  deviation  of  rope  size  measures  the  uniformity  of  the  rope  distribution.  The  rope 
sizes  are  considered  the  most  important  responses  in  buckypaper  processing,  since  they 
are  directly  related  to  the  mechanical  and  functional  properties  of  the  resultant 
composites.  The  pore  size  has  relatively  less  importance  compared  to  the  rope  size. 
Therefore,  we  simplified  the  evaluation  of  pore  size  to  one  response,  robust  coefficient 
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variance  (robust  C.V.)  of  pore  sizes  [8].  The  robust  C.V.  standardizes  the  deviation  with 
the  median  to  compare  sample  to  sample  on  the  same  basis. 

MAD 

RobustC  .V.  = -  (3.1) 

Median 

where  MAD  (Median  Absolute  Deviation)  provides  a  scale  estimate  based  on  the  median 
absolute  deviation.  The  actual  value  calculated  is 

MAD  =  ( median(abs(x  -  median(x ))))  (3.2) 

The  results  of  the  robust  C.V.  values  of  all  buckypaper  samples  are  also  given  in  Table 
3.4. 

3.6.  Analysis  of  the  DOE  Experimental  Results 

The  measurement  results  were  analyzed  by  Design  Expert,  a  DOE  software  package.  The 
statistically  analysis  of  average  rope  size  is  shown  in  Figure  3.12.  The  results  show  that 
the  main  effects  and  two  factor  interactions  are  highly  significant,  except  the  D  and  AE 
terms.  On  the  other  hand,  the  mean  square  error  was  18%  of  the  mean  square  model  in 
the  design  without  blocking,  but  the  ratio  was  reduced  to  8.2%  in  the  design  with  four 
blocks,  which  indicates  the  blocking  effect  could  separate  the  noise  from  the  error,  so  the 
error  can  clarify  the  significance  of  the  factors  and  their  interactions.  However,  the 
blocking  effect  was  larger  than  expected,  which  was  2.8  times  the  mean  square  of  the 
residual.  This  suggests  the  necessity  of  variability  analysis  to  find  the  largest  source  of 
variability.  It  should  be  noted  that  the  curvature  was  significant,  indicating  a  higher  order 
model  may  be  more  appropriate  than  the  current  linear  model.  The  models  of  the  three 
surfactant  influences  are  shown  in  Figure  3.13,  which  can  be  used  to  predict  rope  size  in 
manufacturing  buckypapers. 
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Response:  Avg  rope  size 

AH  OVA  for  Selected  Factorial  Model 


Analysis  of  variance  table  [Partial  sum  of  squares) 


Sum  of 

Mean 

F 

Source 

Squares 

DF 

Square 

Value 

Prob  >  F 

Block 

422  62 

3 

140  87 
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0  0530 

B 

475  21 
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3.848E-003 
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17  49 
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1 152  88 

1 
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23  40 

< 0  0001 
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1 
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26  02 

<0  0001 

AD 
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1 

2266  64 
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<0  0001 

BC 
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1 

2215  15 

44  96 

<0  0001 

BD 
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1 
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26  34 

<0  0001 

BE 

1171  54 

2 

585  77 

11  89 

<0.0001 

CD 

557  84 

1 

557  84 

1132 

0  0015 

CE 

708  17 

2 

354  08 

719 

0  0018 

DE 

1342  53 

2 

671  26 

13  62 

<0  0001 

Curvature 

910.81 

1 

910.81 

18.49 

<  0.0001  significant 

Residual 

2414.33 

49 

49.27 

Lock  of  Fit 

1734  19 

37 

46  87 

083 

0  6867  not  stgnific*nt 

Pure  Error 

680  14 

12 

56  68 

Cor  Total 

16191  57 

71 

Std.  Dev 

7.02 

R-Squared 

0.8375 

Mean 

2497 

Adj  R-Sq  uared 

0.7778 

r.  v 

78  11 

Pred  P-6nu*r*d 

0  6976 

Figure  3.12  Analysis  of  variance 
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Figure  3.13  Average  size  models  of  different  surfactants  for  buckypaper  processing 
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From  a  practical  practice,  the  five  factors  selected  were  all  highly  significant  to  the 
average  rope  size  of  buckypapers,  as  was  the  interactions  between  factors.  The  sonication 
time  (factor  D)  was  not  contributive  by  itself,  but  the  effect  was  interactive  with  others, 
like  the  sonication  power.  Surfactant  type  (factor  E)  contributed  most  in  terms  of  the 
highest  significance.  All  three  types  of  surfactants  demonstrated  good  dispersion  effects 
in  the  SWNT  suspensions,  as  proven  by  other  scientists  [3,4],  but  only  Triton  X-100  has 
been  frequently  used  to  produce  buckypapers.  However,  the  statistical  analysis  results  in 
Figure  3.12  show  the  selection  of  surfactant  does  influence  the  average  rope  size.  The 
tube  rope  size  and  pore  structure  database  of  the  buckypapers  generated  in  this  research  is 
valuable  for  design  and  optimization  of  buckypaper/resin  infiltration  process. 
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4.  Magnetically  Aligned  Nanotube  Buckypapers 

Controlled  SWNT  alignment  is  critical  for  both  structural  and  multifunctional 
applications  of  SWNTs-reinforced  nanocomposites.  Randomly  aligned  buckypapers  and 
composites  have  very  good  tube  dispersion;  however,  tube  alignment  does  not  occur 
during  manufacturing.  The  literature  review  indicates  that  the  molar  susceptibilities  for  a 
(10,  10)  SWNT  (armchair)  is  +85.4xl0'6  emu  (mol  C)'1  when  parallel  to  B  (magnetic 
vector),  and  -2 1.0x1  O'6  emu  (mol  C)’1  when  perpendicular  to  B.  Theoretical  predictions 
show  that  for  a  (10,  10)  SWNT  with  a  length  of  300nm,  a  magnetic  field  of  10-25  Tesla 
(T)  can  align  SWNTs  suspended  in  a  very  low  viscous  solution.  Dr.  Richard  Smalley’s 
team  experimentally  demonstrated  the  effectiveness  of  aligning  SWNTs  in  buckypapers 
within  high  magnetic  fields  of  greater  than  8  T  [1-3].  By  using  such  magnetically  aligned 
buckypaper  materials,  we  can  achieve  nanotube  alignment  in  buckypaper/resin 
infiltration  nanocomposites. 

In  this  project,  the  research  team  further  modified  the  filter  design  and  processing 
parameters  to  produce  high  quality  and  relatively  large  buckypapers  for  making 
nanocomposites  with  orientated  SWNTs.  The  influences  of  suspension  concentration  and 
magnetic  strength  on  tube  alignment  were  investigated.  The  research  team  used  the  high 
magnetic  fields  at  the  National  High  Magnetic  Field  Laboratory  (NHMFL),  Tallahassee, 
Florida  to  carry  out  the  nanotube  alignment  experiments. 

SWNTs  have  been  predicted  to  have  an  anisotropic  magnetic  susceptibility  [4].  Table  2.1, 
which  compares  the  magnetic  susceptibilities  of  SWNTs  with  various  elements,  shows 
that  SWNTs  have  a  relatively  low  magnetic  susceptibility.  Hence,  under  a  sufficiently 
strong  magnetic  field,  SWNTs  should  orient  in  the  direction  of  magnetic  field  if  the  tubes 
are  free  to  rotate  in  liquid  suspension.  Calculations  reveal  that  the  metallic  SWNTs,  such 
as  the  (n,  n)  variety,  are  paramagnetic  in  the  direction  of  their  long  axes  and  tend  to  align 
parallel  to  the  ambient  magnetic  field.  The  other  varieties  of  SWNTs  are  diamagnetic,  but 
their  diamagnetic  susceptibilities  are  mostly  negative  in  the  direction  perpendicular  to  the 
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direction  of  an  ambient  field.  The  alignment  energies  for  varieties  of  SWNTs  are 
comparable. 

In  1998,  in  order  to  test  whether  magnetic  fields  with  a  strength  of  10T  would  result  in 
substantial  alignment  of  suspended  SWNTs,  Walters  and  Smalley  et  al.  passed  polarized 
light  through  a  suspension  of  SWNTs  in  dimethylformamide  (DMF)  and  the  transmitted 
light  was  collected.  A  magnetic  field  was  applied  perpendicular  to  the  propagation 
direction  of  the  light.  The  transmittance  was  monitored  as  a  function  of  the  incident 
polarization  angle  the  angle  between  the  incident  light  electric  field  vector  and  the 
magnetic  field,  as  shown  in  Figure  4.1.  Solid  lines  were  sinusoidal  fits  to  the  measured 
transmitted  light  intensities.  As  the  field  was  increased  from  zero,  a  significant 
modulation  of  the  light  intensity  (up  to  37%  peak-to-peak)  was  developed,  as  shown  in 
Figure  4.2.  Minimum  transmittance  occurred  when  the  incident  light  was  polarized 
parallel  to  the  direction  of  magnetic  field.  Therefore,  the  SWNTs  were  aligned  along  the 
magnetic  field  direction.  Significant  tube  alignment  was  observed  when  the  field  strength 
was  greater  than  8  Tesla. 
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Figure  4.1  Transmitted  light  signal  (mv)  pass  through  the  SWNT  suspension  as  a  function  of 
magnetic  field  strength  (Dr.  Smalley’s  group) 

Dr.  Smalley  and  his  group  also  experimentally  demonstrated  the  effectiveness  of  aligning 
SWNTs  in  water/Tri ton-X  solutions  under  high  magnetic  field  for  producing 
magnetically  aligned  buckypapers.  By  in-situ  filtering  well-dispersed  SWNT  suspensions 
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in  a  high  strength  magnetic  field,  his  team  carefully  produced  buckypapers  of 
magnetically  aligned  SWNTs,  called  magnetically  aligned  buckypapers,  as  shown  in 
Figure  3.2.  Further,  Raman  spectroscopy  measurements  indicated  that  the  alignment  of 
carbon  nanotubes  of  the  produced  buckypapers  in  the  direction  of  the  magnetic  field  had 
an  axial  orientation  within  17±1°C  of  magnetic  field  axis.  The  SEM  observations  also 
confirmed  good  tube  alignment  in  the  magnetically  aligned  buckypapers. 


(a)  Magnetically  aligned  buckypaper  (b)  Heavy  curvatures  of  the  peeling-off  strips 
of  25  mm  in  diameter  indicating  tube  alignment  in  the  buckypaper 


Figure  4.2  Magnetically  aligned  buckypaper  (Dr.  Smalley’s  group) 

4.1.  Fabrication  of  Magnetically  Aligned  Buckypapers  Using  Syringe  Filters 

The  research  team  first  fabricated  small  samples  following  Dr.  Smalley’s  method  and 
setup  to  validate  the  effectiveness  of  nanotube  alignment  in  magnetically  aligned 
buckypapers.  The  Millipore  Millex-GN  syringe  filters  of  25  mm  in  diameter  and  0.45  pm 
pore  size  were  used  in  the  experiments.  The  experiment  flowchart  is  shown  in  Figure  4.3. 
The  filter  was  placed  inside  the  bore  of  the  magnet,  which  generates  the  magnetic  field. 
The  magnets  used  in  our  experiments  were  at  the  NHMFL.  The  bore  sizes  of  the  magnets 
were  50  mm  outer  diameter  (O.D)  for  the  25  T  magnet  and  195  mm  O.D  for  the  20  T 
magnet.  When  the  tube  suspension  passed  through  the  filter,  the  nanotubes  aligned  in  the 
direction  of  the  magnetic  field  and  deposited  on  the  membrane  of  the  filter  to  form  the 
buckypaper  of  aligned  tube  networks.  The  SWNT  suspension  preparation  procedure  is 
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the  same  as  mentioned  in  Section  3.2.  After  cleaning  and  drying,  the  produced 
magnetically  aligned  buckypapers  were  peeled  from  the  filter  membrane. 
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Figure  4.3  Schematic  diagram  for  preparation  of  magnetically  aligned  buckypaper 


4.1.1.  Experimental  set-up 


The  experimental  setup  consisted  of  a  separatory  funnel,  a  peristaltic  pump,  a  25  mm  O.D. 
nylon  Millex-GN  syringe  Millipore  filter  of  pore  size  0.45  pm  and  a  conical  measuring 
cylinder,  as  shown  in  Figure  4.4.  The  separatory  funnel,  which  holds  the  suspension,  was 
connected  to  the  nylon  filter  through  a  peristaltic  pump,  which  provided  pressure  to  the 
suspension.  This  nylon  filter  was  placed  inside  the  bore  of  the  magnet  with  the  help  of  a 
“Plastic  T”  assembly.  The  surface  of  the  filter  membrane  was  kept  parallel  to  the 
magnetic  field.  The  direction  of  alignment  was  marked  on  the  filter  using  a  permanent 
marker,  which  indicated  tube  alignment  direction.  The  suspension  passed  through  the 
filter  and  the  clear  solution  that  came  from  the  filter  was  collected  in  a  measuring  jar. 
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Magnet  Clear  solution  SWNT  suspension 

after  filtration 


Filter 


Figure  4.4  Experimental  setup  for  fabricating  magnetically  aligned  SWNT  buckypaper  using 

small  syringe  filter 

4.1.2.  Experiments 

An  aqueous  solution  with  0.4  %  surfactant,  Triton  X-100,  passed  through  the  nylon  filter 
kept  in  the  bore  of  a  resistive  coil  magnet  in  a  magnetic  field  of  25T.  The  aqueous 
solution  cleaned  the  tubes  and  filter,  removing  any  contamination.  The  SWNT 
suspension  was  then  pumped  through  the  filter  at  a  pressure  of  138-172kPa  (20-25psi) 
under  the  selected  magnetic  strength.  After  a  desired  amount  of  suspension  passed 
through  the  filter,  isopropyl  alcohol  was  passed  through  the  filter  to  wash  the  surfactant 
Triton  X-100.  The  filter  was  then  removed  from  the  magnetic  field  and  kept  in  a  vacuum 
oven  at  63.5-76.2cmHg  (25-29inHg).  This  facilitated  the  drying  of  the  buckypaper. 

After  drying,  the  filter  was  cut  using  a  milling  machine  to  remove  the  magnetically 
aligned  nanotube  buckypaper,  as  shown  in  Figure  4.5.  The  produced  buckypapers 
resulted  in  the  heavy  curvatures  in  the  tom  strips  indicated  significant  alignment  of  the 
SWNTs,  as  confirmed  by  AFM  images,  as  shown  in  Figures  4.6  and  4.7.  Nine  alignment 
experiments  were  repeated  under  15—25  T  magnetic  fields  and  all  showed  good  nanotube 
alignment  in  the  resultant  buckypapers. 
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Figure  4.6  Magnetically  aligned  nanotube  buckypaper  and  AFM  image 

These  experimental  results  further  validated  Dr.  Smalley’s  method  of  magnetically 
aligning  SWNTs  and  demonstrated  the  effectiveness  of  orienting  SWNTs  in  the 
magnetically  aligned  buckypapers.  However,  this  setup  was  limited  for  efficiently 
producing  buckypapers  for  nanocomposite  research  and  applications.  Each  buckypaper 
25mm  diameter  took  approximately  1.5-2  hrs  to  achieve  a  thickness  around  6-10  jam 
with  the  suspension  concentration  between  10-100  mg/L.  Therefore,  we  developed  a  new 
method  for  producing  relatively  large  aligned  buckypapers  for  nanocomposite  research. 
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Figure  4.7  Good  tube  alignments  in  magnetically  aligned  buckypaper  under  25T  field 

4.2.  Fabrication  of  Large  Magnetically  Aligned  Buckypaper  Using  Custom-Made 
Cylinder  Filters 

Millex-GN  syringe  Millipore  filters  were  used  in  the  experiments  described  in  Section 
4.2.  They  were  very  small  and  did  not  yield  enough  samples  for  further  testing  and 
nanocomposite  fabrication.  The  filter  only  had  a  diameter  of  25  mm  (0.984  in)  and  an 
area  of  4.9  cm2  (0.969  in2).  To  make  a  larger  magnetically  aligned  buckypaper,  a  tubular 
filter  was  custom  designed  to  make  buckypapers  of  approximately  38  cm  (15  in)  long  and 
10  cm  (3.94  in)  wide,  resulting  in  an  area  of  387  cm2  (60  in2). 

4.2.1.  Cylindrical  filter  design 

Non-magnetic  materials  were  required  for  all  parts  of  the  custom-designed  filter  since  it 
was  used  inside  the  high  strength  magnet  of  5~25  Tesla.  Any  magnetic  materials,  such  as 
steel,  can  cause  damage  to  the  filter  apparatus,  as  well  as  the  magnet.  Aluminum  was 
used  for  making  the  filter.  The  design  requirements  for  the  filter  were  constrained  by  the 
size  of  the  magnet  bore  and  area  covered  by  the  magnetic  field  in  Cell  5  at  the  NHMFL. 
The  diameter  of  the  magnet  bore  was  190  mm.  The  depth  of  the  bore  was  1,165.2  mm 
and  the  magnetic  field  was  centered  at  582.6  mm.  Allowing  for  clearance,  the  maximum 
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diameter  of  the  filter  assembly  was  less  than  172  mm  (6.75  in).  The  total  length  of  the 
filter  could  vary  but  the  membrane  remained  within  76  mm  (~3.0  in)  from  the  magnetic 
center,  which  maintained  good  uniformity  of  magnetic  strength.  A  total  filter  length  of 
152  mm  (~6.0  in)  was  used. 

The  blueprint  of  the  assembled  filter  design  is  shown  in  Figure  4.8.  The  filter  can  be 
divided  into  external  and  internal  assemblies,  which  can  be  assembled  to  form  a 
watertight  seal  filter.  The  magnetically  aligned  buckypaper  was  formed  on  the  surface  of 
the  filter  membrane  during  filtration. 
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Figure  4.8  Cylinder  filter  design 

The  detailed  filter  design  is  provided  in  Figure  4.9.  Three  parts  made  up  the  external  filter 
assembly:  End  Cap  A,  End  Cap  B  and  the  External  Cylinder.  Five  parts  made  up  the 
internal  filter  assembly:  Internal  Cap  C,  Internal  Cap  D,  Flange  C,  Flange  D  and  the 
rolled  perforated  tube,  as  shown  in  Figure  4.9.  When  these  components  were  assembled, 
they  formed  the  structure  upon  which  the  Millipore  filter  membrane  of  0.45  pm  pore  size 
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was  attached  to  the  surface  of  the  preformed  tube  surface.  A  5/ 16”- 18  threaded  rod  bolted 
the  internal  filter  assembly  together.  End  Cap  B  was  then  bolted  to  the  External  Cylinder 
and  formed  a  watertight  chamber. 


Internal 

\ 


Rolled 


Internal 


External 


Threaded 


Figure  4.9  Complete  cylindrical  filter  assembly 

4.2.2.  Assembly  of  the  filter 

The  nylon  membrane  of  0.45pm  pore  size,  made  by  the  Millipore  Corporation,  comes  at 
a  standard  width  of  15  cm  and  a  length  of  300  cm  (Product  ID:  INYU00010).  Once  the 
flanges  C  and  D  were  attached  to  the  rolled  and  perforated  tube,  the  length  of  the  inner 
(internal)  filter  assembly  became  approximately  13.5  cm.  The  membrane  was  cut  so  that 
the  length  of  the  membrane  was  5  cm  more  than  the  circumference  internal  filter 
assembly.  The  filter  membrane  was  wrapped  onto  the  inner  filter  assembly  and  a  layer  of 
double  sided  permanent  tape  was  applied  on  the  inner  side  of  the  membrane.  The 
membrane  was  sealed  with  West  System  fast  cure  epoxy  glue.  The  outer  edges  of  the 
membrane  were  stuck  to  the  flanges  C  and  D  using  the  double-sided  permanent  tape.  A 
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silicone  gasket  was  placed  on  the  internal  cap  C.  Silicone  glue  was  uniformly  applied  on 
the  outer  periphery  of  the  inner  filter  assembly  and  was  then  placed  on  the  internal  cap  C. 
A  silicone  gasket  was  placed  on  the  internal  cap  D  and  silicone  glue  was  applied  on  the 
gasket.  The  internal  cap  D  was  then  placed  onto  the  inner  filter  assembly.  The  end  cap  D 
was  placed  on  flange  D  and  tighten  using  a  nut  and  bolt.  The  inner  assembly,  external 
cylinder,  the  end  cap  A  and  B  were  then  attached  using  nuts  and  bolts.  The  filter  was  then 
ready  to  use.  The  assembled  filter  used  in  the  magnetic  field  is  as  shown  in  Figure  4.10. 


Filter  membrane  on  the  surface  of 
the  perforated  tube 


Complete  assembly  of  the 
internal  parts 


Filter  assembly 


Final  filter  assembly 
with  suspension  supply 
and  outlet  tubes 


Figure  4. 10  Various  phases  of  filter  assembly 

4.2.3.  Fabrication  of  large  magnetically  aligned  buckypapers 

The  assembled  filter  was  used  to  fabricate  large  magnetically  aligned  buckypapers. 
During  the  experiments  it  was  found  that  suspension  frequently  broke  due  to  the 
peristaltic  motion  of  the  SWNT  suspensions  because  of  the  peristaltic  pump.  To  ensure 
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that  a  stable  suspension  could  pass  through  the  filter,  an  in-situ  sonication  system  was 
provided  in  subsequent  experiments.  In  this  way,  the  suspension  was  resonicated  just 
before  entering  the  filtration  system,  ensuring  good  tube  dispersion  and  stable 
suspension.  Figure  4.11  shows  the  experimental  setup  for  fabricating  the  large  aligned 
buckypapers  at  the  NHMFL.  After  fabrication,  the  produced  buckypapers  were  also 
cleaned  and  dried  using  the  same  procedure  described  in  Section  4.2. 


Peristaltic  pump 

SWNT 

suspension 


Magnet  with 
195  mm  bore 


Sonicator 


Peristaltic 

pump 


Clear  solution  after 
filtration 


Figure  4. 1 1  Modified  experimental  set-up  for  producing  large  magnetically  aligned  nanotube 

buckypapers 

The  world’s  largest  magnetically  aligned  buckypapers  were  successfully  produced  in  the 
project,  as  shown  in  Figure  4.12.  The  produced  buckypapers  have  a  working  area  more 
than  387  cm2  (60  in2)  with  a  thickness  around  15~  30  (am.  Good  tube  alignment  was 
observed  in  the  produced  buckypapers  The  successful  development  of  this  large  aligned 
buckypaper  fabrication  approach  provides  the  possibility  for  producing  bulk 
nanocomposite  samples  with  in-plane  controlled  tube  orientation. 
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(40mg/L  SWNT  suspension  concentration  and  17.3  Tesla  magnetic  field) 

Figure  4.12  World’s  largest  magnetically  aligned  buckypaper 

4.3.  Investigation  of  SWNT  Alignment  in  Magnetically  Aligned  Buckypapers 

The  alignment  of  SWNTs  in  high  magnetic  fields  for  fabricating  aligned  buckypapers  is  a 
result  of  complicated  interactions  of  nanotube  anisotropic  magnetic  susceptibility, 
strength  of  magnetic  field,  tube  dispersion,  surfactant,  tube  self-assembly  and 
temperature,  as  well  as  filtration  flow  rate.  Among  these  impact  factors,  concentration  of 
tube  suspension  and  strength  of  magnetic  field  are  the  most  important  parameters  for 
achieving  a  high  degree  of  alignment  and  efficiency  for  producing  magnetically  aligned 
buckypapers,  which  are  critical  for  controlling  tube  alignment  quality  and  reducing 
electrical  consumption  of  the  process.  To  more  systematically  reveal  the  influences  of 
both  suspension  concentration  and  magnetic  field  strength,  we  conducted  a  series 
experiments  to  produce  large  magnetically  aligned  large  buckypapers  (60in2  working  area) 
with  different  tube  concentrations  (lOmg/L,  20mg/L,  40mg/L  and  lOOmg/L)  and  varying 
magnetic  strengths  (5  Tesla,  10  Tesla  and  17.3  Tesla).  The  anisotropy  ratios  of  the 
electrical  resistivity  of  the  resultant  buckypapers  were  characterized  using  the  four-probe 
method  with  a  special  designed  fixture,  which  can  be  used  as  a  good  indicator  of  tube 
alignment.  We  also  examined  the  nanostructures  of  the  produced  buckypapers  to 
understand  the  relationships  between  tube  alignment  and  electrical  resistivity. 
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4.3.1.  Experimental  Parameters 

The  experimental  parameters  used  to  produce  large  buckypapers  are  provided  in  Table 

4.1.  The  produced  buckypapers  are  shown  in  Figure  4.13. 


Table  4-1  Parameters  for  producing  large  magnetically  aligned  buckypapers 
Magnet:  Cell  5/195mm  Membrane:  Nylon 

Flow  pressure:  30-35  psi  _ _ Surfactant:  0.4%  Triton-X 


Number 

Suspension 
Cone.  SWNT 
(mg/1) 

Pore  size 
of  filter 
(Hm) 

Suspension 

volume 

(1) 

Filtration 

time 

(hrs) 

Magnetic 

Held 

(T) 

i 

10 

0.45 

16 

2.5 

17.3 

2 

20 

0.45 

12 

6.5 

17.3 

3 

40 

0.45 

12 

7 

17.3 

4 

100 

0.45 

7 

1.16 

17.3 

5 

40 

0.45 

14 

5.5 

10 

6 

40 

0.45 

12 

4.33 

5 

7 

40 

0.45 

16 

2.5 

0 

Figure  4.13  Large  aligned  buckypapers  produced  using  various  processing  parameters 

4.3.2.  Anisotropy  ratios  of  electrical  resistivity 

To  investigate  nanotube  alignment  in  the  resultant  buckypapers,  an  electrical  resistivity 
measurement  was  conducted.  Since  the  thickness  of  these  aligned  buckypaper  was  only 
15-30p.m,  a  special  fixture  of  four-probe  electrical  resistivity  measurement  was  designed 
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and  fabricated  to  ensure  good  contact  between  the  buckypaper  samples  and  the  very  fine 
silver  probes. 

Setup  of  electrical  resistivity  measurement.  The  four-probe  resistivity  method  is  the 
standard  test  procedure  to  accurately  determine  the  electrical  resistivity  of  samples.  In 
this  method,  the  resistance  of  the  sample  is  determined  by  passing  a  known  direct  current 
(I),  measuring  the  resulting  voltage  drop  (DV)  and  performing  the  division  to  get  R=DV/I. 
To  calculate  the  sample  resistance,  the  value  of  the  current  must  be  known.  To  establish  a 
constant  current  through  the  sample,  a  known  voltage  (power  supply),  E,  is  connected  to 
a  series  circuit  consisting  of  the  sample  buckypaper  resistor  R  and  a  known  resistor,  Rb, 
as  shown  in  Figure  4.14. 


Figure  4. 14  Principle  of  four-probe  resistivity  measurement 

The  resistance,  Rb,  is  chosen  in  such  a  way  that  Rb  »  R.  Hence,  the  constant  current  is 
taken  as  I  =  E/  RB.  Resistivity,  p  of  the  sample  is  then  calculated  using  the  formula, 


L 


(4.1) 
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where, 


L  =  sample  length, 

A  =  cross-sectional  area  of  the  sample, 

Since  the  nanotubes  are  aligned,  the  buckypaper  also  becomes  anisotropic.  The  electrical 
resistivity  anisotropy  of  the  aligned  buckypaper  sample  can  be  calculated  as  follows, 

.  .  Resistivity  perpendicdar  toB  ,, 

ElectncalResistivity  Amsotropy= - — — -  (4.2) 

Resistivity  parallelto  B 

where  B  is  the  magnetic  field  direction 

In  the  project,  the  experimental  setup  consists  of  an  HP  power  supply  connected  in  series 
with  a  shunt  resistance  and  the  sample  resistance  (buckypaper).  Two  Keithley  2002 
MEM  multimeters  were  connected  in  parallel  to  each  resistance  as  shown  in  Figure  4.15. 
These  multimeters  were  connected  to  the  computer  containg  the  data  acquisition  software, 
LabView  6.1,  and  a  GPIB  interface  card  from  National  Instruments.  The  LabView 
records  the  voltage  drop  across  the  resistance  for  the  applied  current  range.  Silver  probes 
were  used  to  connect  the  samples  to  multimeters,  since  they  offer  the  least  resistance  to 
the  current  flow.  Table  4.2  shows  the  various  equipments  used  for  the  resistivity 
measurements. 


Figure  4.15  Experimental  setup  for  the  resistivity  measurements 
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Table  4-2  List  of  equipments  and  materials  for  the  resistivity  measurements 


Facilities/Materials 

Description 

DC  Power  supply  0-8V/10A 

Supplier:  Hewlett  Packard, 
www.hp.com 

Digital  Multimeter  (lOnV  accuracy) 

Supplier:  Keithley  Instruments 
www.keithley.com 

GPEB  488.2  interface  Card 

Supplier:  National  Instruments 
www.ni.com 

Lab  view  6.2 

Supplier:  National  Instruments 
www.ni.com 

Silver  probes  (No.  100234) 

Supplier:  Digikey  Inc. 
www.digikey.com 

Silicone  rubber  (1mm  thick) 

Supplier:  Air  tech 
www.airtech.com 

Plastic  film  (50pm  thick) 

Supplier:  Fisher  scientific 
www.fishersci.com 

Shunt  resistance 

Supplier:  Digikey  Inc. 
www.digikey.com 

The  fixture  for  testing  the  resistivity  was  custom  made  as  shown  in  Figures  4.16  and  4.17. 
Since  the  buckypaper  samples  are  thin  and  delicate,  it  is  important  to  ensure  proper 
contact  between  the  probes  and  the  sample.  The  fixture  consists  of  two  plates  that  attach 
to  each  other  with  nuts  and  screws.  The  top  plate  was  made  up  of  G-10  and  had  silicon 
rubber  glued  to  it.  A  small  plastic  sheet  was  then  attached  to  this  silicon  rubber.  The  four 
probes  were  placed  on  the  bottom  plate  made  up  of  Plexiglas  and  attached  with  the  help 
of  epoxy  glue  at  the  glass  edge.  Most  four  probes  resistivity  fixture  had  1  mm  separation 
distance,  but  the  distance  between  the  probes  was  selected  as  3  mm  for  our  fixture.  Since 
the  distance  was  increased  between  the  probes,  the  accuracy  of  testing  accuracy  was 
increased.  The  inner  probes  were  the  voltage  probes  and  the  outer  probes  were  the  current 
probes.  These  probes  were  placed  at  an  equal  distance  from  each  other.  The  sample  was 
placed  on  these  probes  as  shown  in  Figure  4.16  and  then  the  fixture  was  closed  with  G-10, 
as  shown  in  Figure  4.17.  The  silicon  rubber  helped  the  sample  to  take  the  shape  of  probes. 
The  plastic  sheet  helped  the  sample  to  not  stick  on  the  silicon  rubber. 
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Sample 


Plexi-glass 


Bolt 


G-10 


Silver  probes 


Nut 

PE  plastic  film 


Silicone  rubber 


Pins 


Figure  4. 16  Fixture  for  the  resistivity  measurements 


Figure  4. 17  Closed  assembly  of  the  fixture 


Measurement  of  electrical  resistivity.  Appropriate  settings  were  chosen  for  filter,  speed 
and  accuracy  for  the  multimeters.  The  probes  in  the  fixture  were  short  by  placing  a  silver 
wire  for  calibration.  A  small  amount  of  current  was  passed  and  the  multimeters  were 
calibrated  to  zero.  The  voltage  for  the  power  supply  was  set  to  8V.  The  sample  measured 
was  first  weighed  and  the  dimensions  of  the  sample  were  noted.  For  the  aligned  samples 
whose  resistivity  was  measured  in  parallel  direction  to  B,  the  multimeters  were  set  at  a 
higher  accuracy  range  of  200mV,  and  for  samples  whose  resistivity  was  measured  in 
perpendicular  direction  to  B,  the  multimeters  were  set  at  a  medium  accuracy  range  of  2V. 
The  resistivity  of  the  sample  in  perpendicular  direction  to  B  was  high,  so  the  voltage 
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around  200mV  provided  very  low  current.  Therefore,  we  could  not  acquire  many  data 
points  to  obtain  the  slope  of  voltage  by  current.  Hence,  we  decreased  the  accuracy  range 
to  2V.  The  sample  tested  was  placed  on  the  fixture  and  a  0.0001 A  current  was  passed 
from  the  power  supply.  Once  the  current  was  passed  across  the  sample,  Lab  View 
automatically  recorded  the  voltage  across  the  shunt  resistance  and  the  sample  in  the 
computer.  The  current  was  then  increased  gradually  to  obtain  the  potential  difference  for 
at  least  100  different  current  values.  Then,  the  resistivity  of  the  sample  was  calculated. 
The  setup  was  also  calibrated  using  a  thin  copper  foil  with  a  known  resistivity. 

4.4.3  Resistivity  analysis  for  the  aligned  buckypapers 

Resistivity  was  measured  for  all  the  aligned  and  random  buckypapers  as  listed  in  Table 
4.1.  For  each  aligned  buckypaper,  six  samples  were  tested.  Of  these  six  samples,  the 
resistivity  of  three  samples  was  measured  in  a  parallel  direction  to  the  magnetic  field  and 
the  other  three  samples  were  measured  in  a  perpendicular  direction  to  the  magnetic  field. 
Resistivity  was  measured  for  both  sides  for  each  sample.  The  actual  length,  width  and 
thickness  were  measured  using  a  caliper.  Since  buckypapers  are  a  porous  structure  made 
of  SWNT  networks,  we  cannot  account  for  the  measured  volume  of  the  buckypaper  from 
a  caliper  in  Equation  4.1.  Hence,  we  use  the  effective  thickness  (teff),  which  is  defined  as 
the  measured  mass  per  unit  area  divided  by  density  of  SWNT  ropes  (1.33  gm/cm3),  as 
suggested  by  Dr.  Smalley’s  group.  Figures  18  and  19  show  the  slope  of  voltage  and 
current  for  the  aligned  buckypaper  fabricated  using  nanotube  suspension  of  40mg/L 
concentration  and  the  17.3  Tesla  magnetic  field  (Sample  3).  Since  the  slope  was  linear  in 
all  the  graphs,  it  can  be  concluded  that  the  resistance  measured  was  constant  for  the  given 
current  range.  Table  4.3  shows  the  measurement  of  the  resistivity  and  anisotropy  of 
sample  3.  Since  a  slight  variation  in  resistivity  existed  in  different  samples  from  the  same 
buckypaper,  the  mean  and  standard  deviation  were  also  calculated.  In  this  case,  six 
samples  were  measured  in  parallel  direction  to  B  (I  I )  and  another  six  samples  were 
measured  in  perpendicular  direction  to  B  (±).  The  anisotropy  of  these  samples  was  as 
high  as  9.46,  which  indicated  significant  tube  alignment  in  the  buckypaper.  Other 
samples’  resistivity  and  anisotropy  ratios  were  also  measured  and  calculated  in  the 
project. 
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00  02  01  01  01  01  01  01 

Current  (A) 

(Resistivity  measured  in  parallel  direction  to  B) 
Figure  4. 18  Voltage  vs.  current  of  sample  3 


Current  (A) 


(Resistivity  measured  in  perpendicular  direction  to  B) 
Figure  4.19  Voltage  vs.  current  of  sample  3 
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Table  4-3  Resistivity  measurements  of  Sample  3 
(a)  Resistivity  parallel  to  tube  alignment  direction 


Sample  No. 

Direction 

Resistivity 

(Q-cm) 

Average 

(Q-cm) 

Mean 

(Q-cm) 

Std.  Dev. 
(Q-cm) 

Sample  3-1 

6.70E-04 

6.74  E-04 

6.21E-04 

9.18E-05 

Sample  3-1 

6.77E-04 

Sample  3-2 

6.89E-04 

6.82  E-04 

Sample  3-2 

6.74E-04 

Sample  3-3 

5.17E-04 

5.16  E-04 

Sample  3-3 

5.15E-04 

Sample  3-4 

6.21E-04 

6.23  E-04 

Sample  3-4 

6.25E-04 

Sample  3-5 

5.01E-04 

5.04  E-04 

Sample  3-5 

5.06E-04 

Sample  3-6 

7.25E-04 

7.26  E-04 

Sample  3-6 

7.26E-04 

(b)  Resistivity  perpendicular  to  tube  alignment  direction 


Sample  No. 

Direction 

Resistivity 

(Q-cm) 

Average 

(Q-cm) 

Mean 

(Q-cm) 

Std  Dev. 
(Q-cm) 

Sample  3-7 

i 

6.90E-03 

6.95E-03 

5.89E-03 

6.56E-04 

Sample  3-7 

i 

7.00E-03 

Sample  3-8 

i 

6.09E-03 

6.07E-03 

Sample  3-8 

i 

6.04E-03 

Sample  3-9 

i 

6.02E-03 

5.98E-03 

Sample  3-9 

i 

5.93E-03 

Sample  3-10 

i 

5.22E-03 

5.22E-03 

Sample  3-10 

i 

5.22E-03 

Sample  3-1 1 

i 

5.91E-03 

5.97E-03 

Sample  3-11 

i 

6.02E-03 

Sample  3-12 

i 

5.14E-03 

5.16E-03 

Sample  3-12 

i 

5.18E-03 

4.3.3.  Influences  on  tube  alignment 

Influences  of  Suspension  Concentration.  Figure  4.20  shows  the  influences  of  the 
suspension  concentration  on  the  anisotropy  ratios  of  the  magnetically  aligned 
buckypapers,  which  were  produced  with  a  17.3  Tesla  magnetic  field.  The  figure  shows 
that  the  anisotropy  of  the  buckypaper  is  fairly  constant  for  the  samples  made  with 
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suspensions  of  concentration  from  10  to  40  mg/1;  however,  the  anisotropy  ratio  of  the 
buckypaper  sharply  decreased  with  an  increase  in  the  concentration  of  the  SWNT 
suspension  from  40mg/L  to  lOOmg/L.  The  SEM  observations  indicate  obvious 
differences  between  nanotube  networks  of  40mg/L  and  lOOmg/L  buckypapers,  as  shown 
in  Figures  4.21  and  4.22.  The  preferred  tube  orientation  along  the  magnetic  force 
direction  (white  arrow)  and  tight  tube  packing  can  be  seen  in  buckypapers  made  with  the 
40mg/L  suspension.  In  the  buckypaper  made  with  the  lOOmg/L  suspension,  the  formed 
tube  network  is  random  and  relatively  loose,  which  may  be  because  the  tubes  cannot 
move  easily  and  align  due  to  poor  tube  dispersion  and  intensive  tube-tube  interactions  in 
high  concentration  suspensions. 


Cone,  of  SWNT  suspension  (mg/I) 

Figure  4.20  Influences  of  suspension  concentration  on  anisotropy  ratios  of  magnetically  aligned 

buckypapers  under  17.3  Tesla  magnetic  field 
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Figure  4.21  Aligned  buckypaper  of  40mg/L  Figure  4.22  Aligned  buckypaper  of  lOOmg/L 

Influences  of  magnetic  field  strength.  Figure  4.23  shows  the  influences  of  magnetic 
field  strength  on  the  anisotropy  ratios  of  the  magnetically  aligned  buckypapers,  which 
were  produced  with  the  suspension  concentration  of  40mg/L.  The  results  illustrate  that 
the  applied  magnetic  field  strength  has  a  direct  impact  on  tube  alignment  in  the  produced 
buckypapers.  The  anisotropy  ratios  increase  almost  linearly  with  the  increase  of  magnetic 
field  strength. 


5  10  17.3 

Magnetic  field  strength  (T) 


Figure  4.23  Influences  of  strength  of  magnetic  field  on  anisotropy  ratios  of  magnetically  aligned 

buckypapers  using  40mg/L  suspension 
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Figures  4.24  and  4.25  show  the  nanostructures  of  the  aligned  buckypaper  produced  using 
5  Tesla  and  10  Tesla  fields,  respectively.  Figures  4.24,  4.25  and  4.21  show  an  increase  of 
tube  rope  diameter  and  alignment  with  the  increase  of  field  strength  during  the  aligned 
buckypaper  processing.  Figure  4.24  shows  almost  random  networks  of  fine  tube  ropes, 
whereas  relatively  large  and  continuous  tube  ropes  with  alignment  can  be  seen  in  Figure 
4.21. 


Figure  4.24  SEM  of  the  aligned  buckypaper  produced  using  5  Tesla  magnetic  field 


Figure  4.25  SEM  of  the  aligned  buckypaper  produced  using  10  Tesla  magnetic  field 

Figure  4.26  shows  the  significant  tube  alignment  in  the  internal  layer  by  peeling  the 
aligned  buckypaper  produced  with  the  17.3  Tesla  field. 
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(C )  (d) 

Figure  4.26  Significant  SWNT  alignment  in  the  buckypaper  produced  by  using  40mg/l 
suspension  and  17.3  Tesla  magnetic  field 


4.4.  Conclusions 

By  in-situ  filtration  of  well-dispersed  SWNT  suspension  inside  high  magnetic  fields, 
aligned  buckypapers  can  be  fabricated,  in  which  SWNTs  are  aligned  along  the  direction 
of  the  magnetic  field.  In  this  project,  a  custom-made  cylinder  filter  was  designed  and 
fabricated  to  produce  large  magnetically  aligned  buckypapers  at  the  NHMFL.  The 
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world’s  largest  magnetically  aligned  buckypapers,  with  a  working  area  of  60  in2, were 
successfully  manufactured  and  significant  tube  alignment  was  observed  by  SEM  and 
AFM  analysis.  The  anisotropy  ratios  of  electrical  resistivity  measurements  of  the 
produced  buckypapers  were  as  high  as  9.46  along  and  perpendicular  to  the  direction  of 
tube  alignment  direction,  which  indicated  good  tube  alignment  in  the  resultant 
buckypapers.  The  research  also  revealed  the  influences  of  suspension  concentration  and 
magnetic  field  strength  on  the  nanotube  alignment.  The  results  show  that  significant  tube 
alignment  can  be  achieved  in  the  buckypapers  made  with  40mg/L  suspension  and  the 
17.3  Tesla  magnetic  field.  The  success  of  producing  large  magnetically  aligned 
buckypapers  with  significant  tube  alignment  provides  the  possibility  for  using 
buckypaper/resin  infiltration  process  to  fabricate  nanocomposites  with  controlled  tube 
orientation.  The  descriptions  of  mechanical  and  thermal  properties  of  the  resultant 
magnetically  aligned  buckypaper  are  given  in  Chapter  5. 
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5.  Mechanical  Properties  and  Thermal  Conductivities  of  Buckypaper 
and  Buckypaper/Epoxy  Nanocomposites 


The  mechanical  properties  and  thermal  conductivity  of  the  produced  buckypapers  and 
buckypaper/resin  infiltration  nanocomposites  were  characterized.  Dynamical  mechanical 
analysis  (DMA)  was  used  for  characterizing  the  mechanical  properties  of  the 
nanocomposites.  The  thermal  conductivity  of  the  produced  buckypaper  and 
nanocomposites  was  measured  using  a  comparative  method.  The  tensile  moduli  of  both 
individually  dispersed  SWNTs  and  SWNT  rope  nanocomposites  were  predicted  by  the 
Halpin-Tsai  model  for  discontinuous  reinforcement  composites.  The  predicted  results 
were  also  compared  with  the  experimental  results. 

5.1.  Dynamic  Mechanical  Properties  of  the  Buckypaper  Nanocomposites 

The  dynamic  mechanical  properties  and  damping  behaviors  of  the  nanocomposites  were 
tested  with  a  dynamic  mechanical  analyzer  (DMA2980,  TA  Instrument  Co.).  The  test 
was  conducted  in  the  tensile  (film)  mode.  The  sample  was  heated  to  350°C  at  5°C/min  at 
a  frequency  of  1Hz. 

5.1.1.  Random  buckypaper/epoxy  nanocomposites 

The  storage  modulus  results  of  the  random  buckypaper  nanocomposites  listed  in  Table 
2.2  are  shown  in  Figure  5.1  and  Table  5.1.  The  storage  moduli  of  the  resulting 
nanocomposites  dramatically  increased  by  349%  to  492%,  compared  to  the  neat  resin 
modulus.  However,  the  storage  moduli  of  the  composites  were  significantly  less  than 
predicted  by  the  rule  of  mixtures  for  random  orientation  individual  SWNT-reinforced 
composites.  We  believe  that  the  poor  load  transfer  between  the  nanotubes  in  the  ropes 
and  between  the  nanotubes  and  resin  matrix  was  the  major  reason.  The  formation  of  large 
tube  ropes  in  the  composites  could  significantly  decrease  the  load  transfer  in  the 
composites.  For  example,  Salvetat  et  al.  experimentally  showed  that  when  the  SWNT 
rope  diameters  increased  from  3  to  20  nm,  the  elastic  and  shear  modulus  of  single-walled 
carbon  nanotube  ropes  could  be  decreased  from  900  GPa  to  around  100  GPa  due  to 
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possible  tube  slippage  in  the  ropes  [1].  Therefore,  the  actual  nanotube  rope-reinforced 
composites  may  demonstrate  poor  mechanical  properties.  To  realize  individual  tube 
dispersion  in  the  buckypaper  and  composites  for  better  load  transfer  is  an  ongoing 
research  effort  for  this  project.  Another  notable  phenomenon  observed  from  the  DMA 
results  is  that  there  is  no  obvious  influence  of  tube  loading  on  the  storage  modulus.  We 
believe  that  the  nanostructures  and  mechanical  properties  of  the  nanotube-reinforced 
composite  are  highly  dependent  on  tube  dispersion,  which  directly  influences  molecular 
interactions  of  tube/tube  and  tube/resin  in  the  materials.  Such  molecular  interactions  will 
play  a  critical  role  in  load  transfer  and  interfacial  bonding  that  determine  mechanical 
properties  of  the  nanocomposites.  The  variations  in  tube  dispersion  in  the  resultant 
composites  could  be  the  major  reason  for  this  phenomenon. 


Temperature  (°C)  Universal  V3.59  TA  Instruments 

Figure  5.1  Storage  modulus  curves  of  the  random  nanocomposites 

The  DMA  tgS  (Tan  Delta)  curves  in  Figure  5.2  show  that  the  Tgs  of  the  resultant 
nanocomposites  did  not  significantly  change.  The  damping  behavior  of  the  buckypaper- 
reinforced  nanocomposites  is  different  from  that  of  the  traditional  fiber-reinforced 
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composite.  There  is  no  obvious  Tg  peak  on  the  tgS  curve.  After  glass  transition,  the  tgS 
continuously  increases  rather  than  going  back  to  the  base  line.  The  damping  behavior 
reflects  the  energy  dissipation  of  molecular  movement  and  interaction.  For  cured  resin, 
usually  below  the  Tg,  the  resin  molecule  segment  cannot  completely  move.  A  low  tg8 
value  indicates  no  significant  energy  loss.  During  the  glass  transition,  the  molecule 
segment  absorbs  enough  energy  and  begins  to  move;  however,  the  moving  space  inside 
the  polymer  is  too  tight,  so  more  energy  is  required  to  move  the  molecules.  A 
temperature  higher  than  Tg  results  in  enough  free  space  inside  the  resin  to  allow  the 
molecule  segments  move  freely,  causing  the  tg8  to  again  decrease. 


Figure  5.2  tg8  curves  of  the  random  nanocomposites 

For  traditional  carbon  fiber  and  glass  fiber  reinforced  composites,  both  fiber  and  porous 
structures  are  at  microscale  and  only  a  very  small  portion  of  the  resin  molecules  are  able 
to  directly  interact  with  reinforcement.  The  damping  behavior  of  the  carbon  fiber  and 
glass  fiber  reinforced  composites  are  almost  the  same  as  that  of  the  neat  resin.  However, 
for  the  buckypaper-reinforced  composite,  SWNTs  have  extremely  large  surface  area  and 
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are  at  the  same  scale  of  the  resin  molecules.  Interactions  between  tubes  and  resin 
molecules  are  expected  to  be  intense.  Therefore,  the  resin  molecule  segment  movement 
may  intensely  interact  with  the  SWNTs  and  consume  energy.  These  intensive  molecular- 
level  interactions  may  be  the  major  reason  for  the  high  tg8  in  the  buckypaper-reinforced 
composites. 


Table  5-1  Storage  modulus  results  of  the  random  buckypaper  composites 


Sample  No. 

SWNT  Loading 

(wt%) 

Storage  Modulus 
(GPa) 

Increase 

(%) 

Neat  Resin 

0 

2.55 

0 

A 

28.1 

11.45 

349 

B 

31.3 

15.10 

492 

C 

37.7 

13.49 

429 

D 

39.1 

13.24 

419 

5.1.2.  Magnetically  aligned  buckypaper/epoxy  nanocomposites 

The  storage  modulus  results  along  the  tube  alignment  direction  of  the  magnetically 
aligned  buckypaper  nanocomposites  listed  in  Table  2.3  are  shown  in  Figure  5.3  and  Table 

5.2.  The  storage  modulus  of  the  aligned  buckypaper  nanocomposites  can  be  as  high  as 
45.0  GPa,  which  is  more  than  16.5  times  increase  compared  to  that  of  the  neat  epoxy 
resin.  In  comparison  with  the  random  buckypaper  composite,  the  storage  modulus  of 
aligned  buckypaper  composite  is  about  3  times  higher.  This  increase  in  storage  modulus 
indicates  highly  anisotropic  stiffness,  with  the  maximum  in  the  magnetic  field  direction 
of  the  magnetically  aligned  buckypaper  composite.  The  nanotube  loading  is  also 
increased  comparing  the  random  to  aligned  buckypaper  composite  due  to  the  tube 
alignment  and  tight  packing  of  SWNTs  in  the  aligned  buckypapers  and  their  composites. 
The  nanotube  loading  increased  from  28-40%  by  weight  for  the  random  buckypaper 
composite  to  47-64%  by  weight  for  the  aligned  buckypaper  composite.  The  results  show 
that  the  tube  alignment  significantly  impacts  the  mechanical  properties  of  the  SWNT- 
reinforced  nanocomposites.  The  changes  of  the  Tgs  and  tg8  in  the  aligned  buckypaper 
nanocomposite  are  the  same  as  those  in  the  random  buckypaper  nanocomposites. 
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Figure  5.3  Storage  modulus  curves  of  the  magnetically  aligned  nanocomposites 


Table  5-2  Storage  modulus  results  of  the  magnetically  aligned  buckypaper  composites 


Sample 

Magnetic 

Field  (T) 

SWNT  Loading 

(wt%) 

Storage 

Modulus 

(GPa) 

Increase 

(percentage) 

Neat  Resin 

0 

0 

2.55 

0 

Aligned  Nanotube/Epoxy  1 

17.3 

47.3 

31.0 

1,116 

Aligned  Nanotube/Epoxy  2 

17.3 

63.7 

45.0 

1,665 

Aligned  Nanotube/Epoxy  3 

17.3 

54.5 

40.5 

1,488 

5.2.  Mechanical  Property  Predication  of  SWNT-Reinforced  Nanocomposites 

In  this  project,  we  investigated  the  influences  of  tube  dispersion,  loading  and  orientation 
on  the  mechanical  properties  of  SWNT  reinforced  composites.  Random  and  aligned 
discontinuous  reinforcement  models  for  composites  predicted  the  tensile  moduli  of  both 
individually  dispersed  SWNTs  and  SWNT  rope  based  nanocomposites.  The  parameters 
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used  in  the  calculation  models  were  determined  based  on  our  experimental  observations. 
Theoretical  estimates  were  compared  with  experimental  results. 

Since  many  researchers  consider  SWNTs  as  one  of  the  most  promising  reinforcement 
materials  for  the  next  generation  of  high  performance  structural  and  multifunctional 
composites,  a  keen  interest  exists  in  developing  SWNT  reinforced  composites. 

Unlike  conventional  fibrous  reinforcements,  SWNTs  have  strong  interactions  between 
each  other  due  to  van  der  Waals  forces,  causing  the  SWNTs  to  form  ropes  or  bundles. 
SWNT  ropes  also  have  the  tendency  to  aggregate  together  due  to  their  molecular 
interactions.  Therefore,  nanoscale  dimension  and  formation  of  SWNT  ropes  make 
accurate  theoretical  predictions  of  nanotube  composite  properties  difficult. 

In  this  project,  property  predictions  of  SWNT-reinforced  composites  were  conducted  to 
theoretically  reveal  the  influences  of  tube  dispersion,  loading  and  orientation  on  the 
composite  properties  based  on  our  experimental  observations.  Since  the  SWNT  were 
shorter  than  the  length  of  the  composites  in  the  experiments,  they  were  discontinuous  in 
the  composites.  Therefore,  these  nanotube  composites  can  be  considered  as  short 
reinforcement  composites.  In  this  case,  the  composite  properties  will  strongly  depend  on 
the  aspect  ratio  of  the  nanotubes,  the  elastic  properties  of  nanotube  and  matrix,  and  the 
interfacial  shear  between  the  nanotube  and  matrix.  Both  random  and  aligned 
discontinuous  reinforcement  models  of  composites  were  used  to  predict  the  tensile 
moduli  of  individually  dispersed  SWNTs  and  SWNT  rope  reinforced  nanocomposites. 
The  parameters  used  in  the  models  were  determined  based  on  our  experimental 
observations. 

5.3.  Calculation  Models 

For  unidirectional  short  fiber  composites,  elastic  properties,  such  as  tensile  modulus,  can 
be  calculated  by  Halpin-Tsai  equations  [2].  The  Halpin-Tsai  method  is  a  simple  and 
effective  model  or  a  set  of  empirical  relationships  that  enable  the  properties  of  a 
composite  material  to  be  expressed  in  terms  of  the  properties  of  the  matrix  and 
reinforcing  phases,  together  with  their  proportions  and  microstructure  geometry.  These 
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equations  were  validated  by  experimental  measurements.  To  theoretically  predict  the 
mechanical  properties  of  nanotube-reinforced  composites,  these  equations  were  assumed 
to  be  valid  for  predicting  nanotube-reinforced  nanocomposites  since  nanotubes  can  also 
be  considered  as  short-reinforcements  in  the  resin  matrix.  Good  wet-out  and  interfacial 
bonding  were  assumed  to  exist  between  the  nanotubes  and  the  matrix.  Based  on  our 
experimental  observations  of  the  produced  buckypaper  and  nanocomposites,  the 
nanotubes  in  the  composites  were  also  assumed  to  be  straight.  The  composite  modulus 
for  aligned  discontinuous  SWNT/epoxy  in  the  longitudinal  and  transverse  direction  were 
calculated  from  the  following  equations: 


Eu  = 


1  +  2(1  nt  /  dm  )tjlVnt 


i  -VM 


' EP 


NT 


(5.1) 


E 


22  ~ 


1  +  2 TJj-Vnt  g 

1  —  T]tVnt 


(5.2) 


(gW/gEp)-l 

(ENT  /  EEP  )  2(1  NT  I  d NT  ) 


_  (Ent/Ebp)-1 

(Ent'  Eep)  +  2 


(5.4) 


where, 

Ei  i=  Composite  modulus  of  aligned  discontinuous  SWNT/epoxy  in  longitudinal  direction 
E22=  Composite  modulus  of  aligned  discontinuous  SWNT/epoxy  in  transverse  direction 

^NT  =  Length  of  the  nanotubes 

^nt  -  Diameter  of  the  nanotubes 
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^NT  -  Volume  fraction  of  the  nanotubes 


£ 

EP  =  Elastic  modulus  of  the  epoxy  resin 

F 

"t  =  Elastic  modulus  of  the  nanotubes 


For  the  modulus  of  a  randomly  oriented  discontinuous  SWNT/epoxy  nanocomposites, 
Ecr,  planar  isotropy  was  assumed.  Using  the  equations  provided  by  Halpin  and  Pagano 
[2],  the  in-plane  tensile  modulus  of  a  composite  containing  two-dimensional  randomly 
orientated  nanotubes  were  calculated. 


^cr  ~ 


—  E. .  H —  E2  2 
8  8 


(5.5) 


where  En  and  E22  are  the  moduli  of  the  aligned  discontinuous  SWNT/epoxy  in 
longitudinal  direction  and  transverse  direction  of  the  nanocomposites  with  same  tube 
content,  respectively,  which  were  calculated  from  equations  5.1  to  5.4. 

5.3.1.  Model  parameters  of  individually  dispersed  nanocomposites 

Figure  5.4  shows  the  molecular  model  of  the  nanocomposites  of  individually  dispersed 
and  unidirectional  aligned  SWNTs.  The  following  assumptions  were  made  to  calculate 
the  composite  modulus  of  random  and  aligned  discontinuous  SWNT/EPON  862  resin 
composites: 


•  Only  individual  nanotubes  were  present  in  the  SWNT/epoxy  composite; 

•  The  SWNTs  were  assumed  to  be  individually  and  uniformly  dispersed  in  the 
resin  matrix;  and 

•  The  presence  of  only  one  type  of  SWNTs,  (7,7)  SWNTs,  was  considered  in 
the  nanocomposites  and  these  nanotubes  had  a  diameter  of  1  nm,  which  was 
almost  the  same  as  that  of  the  SWNTs  used  in  our  experiment.  (See 
BuckyPearl  properties  in  Section  2.2). 
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Based  on  the  molecule  structure  of  (7,7)  SWNT,  we  calculated  Ent  and  the  effective 
radius  Rnt of  the  nanotube  [3], 


4>/3/*KAv 


(5.6) 


3b2  A2  +  2V3 nAv  +  n2v2 


(5.7) 


A  =  ^(«2+m2+m2+  n/n2) 


(5.8) 


where, 

n  and  m  are  chiral  vector  integer  pairs  of  SWNT; 
b  is  the  C-C  bond  length  in  SWNT; 

v  is  equilibrium  separation  distance  of  SWNTs  and  resin  matrix;  and 
Y  is  the  in-plane  Young’s  modulus  of  the  graphene  sheet. 

Using  the  above  equation,  the  effective  radius  of  (7,7)  SWNT  was  0.645  nm  and  effective 
diameter  was  1.29  nm.  The  modulus  of  (7,7)  SWNT  was  801.37GPa.  The  elastic  modulus 
of  EPON  862  resin  was  2.72  GPa.  The  length  of  individual  tube  used  in  our  experiments 
was  ~  100- 1000  nm. 
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Figure  5.4  Molecular  model  of  aligned  individual  SWNT-reinforced  nanocomposites 

5.3.2.  Properties  of  individually  dispersed  SWNT-reinforced  nanocomposites 

Using  the  above  models  and  parameters,  Ecr  and  En  were  calculated  for  both  random 
and  aligned  nanotube  composites  with  40%  SWNT  volume  content.  These  properties 
with  respect  to  aspect  ratio  are  shown  in  Figures  5.5  and  5.6.  The  results  show  that  the 
aspect  ratio  plays  a  significant  role  in  changing  the  modulus  of  the  composite.  Results 
also  indicate  that  in  both  random  and  aligned  cases,  the  maximum  properties  can  be 
achieved  when  the  SWNT  aspect  ratio  is  larger  than  1,000. 


Figure  5.5  Ecr  vs.  tube  aspect  ratio  of  random  individually  dispersed  SWNT/epoxy 

nanocomposites 
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Figures  5.7  and  5.8  show  Ecr  and  Eu  for  both  random  and  aligned  nanotube 
composites  with  an  increase  in  nanotube  volume.  Here  the  length  of  SWNT  is  assumed  as 
1  (im  to  calculate  upper-boundary  properties  of  the  nanocomposites  in  the  experiments. 
The  results  show  that  the  nanotube  content  in  the  composite  plays  a  significant  role  in 
changing  the  modulus  of  the  composite. 


Figure  5.6  Eu  vs.  tube  aspect  ratio  of  random  individually  dispersed  SWNT/epoxy 

nanocomposites 

Figures  5.7  and  5.8  also  show  a  linear  increase  in  modulus  for  random  and  aligned 
discontinuous  SWNT/epoxy  composites  with  respect  to  nanotube  content.  As  shown  in 
Figure  5.7,  for  random  nanocomposites,  the  modulus  is  177  GPa  when  the  tube  volume 
fraction  is  0.6,  which  is  closed  to  a  unidirectional  carbon  fiber  composite  with  the  same 
fiber  volume  fraction.  As  shown  in  Figure  5.8,  for  aligned  nanocomposites,  the  composite 
modulus  could  be  as  high  as  448  GPa  when  the  tube  volume  fraction  is  0.6,  which  is 
about  2.5  times  higher  than  that  of  the  random  discontinuous  SWNT/epoxy 
nanocomposite.  These  results  indicate  the  importance  of  nanotube  alignment  for 
developing  high  performance  SWNT  nanocomposites. 
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Figure  5.7  Ecr  vs.  nanotube  volume  fraction  (Vnt)  of  random  individually  dispersed  SWNT 

nanocomposites 


Figure  5.8  ECr  vs.  nanotube  volume  fraction  (VNT)  of  aligned  individually  dispersed  SWNT 

nanocomposites 

5.3.3.  Properties  of  SWNT  rope-reinforced  nanocomposites 

The  predicted  properties  of  individually  dispersed  SWNT-reinforced  nanocomposites  are 
exceptionally  high  compared  to  our  current  experimental  results  and  available  data  in 
literature.  SWNTs  usually  form  ropes  or  bundles  in  the  buckypapers  and  composites,  as 
shown  in  Figures  2.2,  2.5  to  2.6.  Figures  2.14,  2.15,  4.7  and  4.25  show  the  oriented 
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nanotube  ropes  in  the  magnetically  aligned  buckypaper  and  its  composites,  respectively. 
The  diameter  of  these  ropes  varies  from  20  to  100  nm.  Due  to  self-assembly  phenomena 
of  the  ropes,  SWNT  ropes  appear  to  be  endless  in  microscopic  images  for  both 
buckypapers  and  nanocomposites  (see  Chapters  2,  3  and  4). 

The  reported  mechanical  properties  of  the  nanotube  ropes  are  far  less  than  that  of 
individual  SWNTs  due  to  the  possible  slippage  and  structural  defects  existing  in  the  ropes 
[1].  Salvetat  et  al.  experimentally  measured  the  modulus  of  SWNT  ropes  using  AFM. 
The  results,  shown  in  Figure  5.9,  indicate  that  the  moduli  of  tube  ropes  dramatically 
decreased  as  the  rope  diameters  increased.  Therefore,  the  actual  SWNT  rope  properties 
should  be  able  to  predict  the  mechanical  properties  of  the  SWNT  buckypaper-reinforced 
nanocomposites. 

Based  on  the  observations  of  SWNT  rope  geometry  in  the  buckypaper  and  composites 
(See  Chapters  2,  3  and  4),  the  diameter  of  the  ropes  was  assumed  to  be  20  nm,  and  from 
Figure  5.9,  the  modulus  for  a  20  nm  rope  diameter  was  67GPa  ±50%.  These  values  were 
used  to  re-calculate  the  nanocomposite  properties  based  on  equations  5.1~5.5.  The 
predicted  results  of  both  the  random  and  aligned  nanotube  SWNT  rope-reinforced 
nanocomposites  are  provided  in  Figures  5.10  to  5.13.  The  predicted  results  were 
compared  with  experimental  results  for  validation. 


Diameter  of  the  SWNT  ropes  (nm) 

Figure  5.9  Modulus  decreases  with  increase  of  SWNT  rope  diameters  [1] 
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Figure  5.10  ECr  vs.  tube  rope  aspect  ratio  of  random  SWNT  rope/epoxy  nanocomposites 


Aspect  ratio  of  SWNT  ropes 


Figure  5.11  Ecr  vs.  tube  rope  aspect  ratio  of  aligned  SWNT  rope/epoxy  nanocomposites 
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Figure  5.12  Ecr  vs.  nanotube  volume  fraction  of  random  SWNT  rope  nanocomposites 


Figure  5.13  Eu  vs.  nanotube  volume  fraction  of  aligned  SWNT  rope  nanocomposites 

Figures  5.10  and  5.11  show  the  composite  moduli  of  the  random  and  aligned  SWNT 

ropes/epoxy  increased  with  respect  to  increase  in  aspect  ratio,  where  the  rope  volume 

content  was  40%.  The  results  show  that  the  composite  modulus  remained  nearly  constant 

for  both  random  and  aligned  discontinuous  SWNT  ropes/epoxy  composite  after  the  rope 

aspect  ratio  reached  400.  Hence,  for  subsequent  calculations,  the  length  of  the  nanotube 

ropes  was  chosen  to  be  8  pm  since  the  ropes  appear  endless  in  the  available  microscope 

images  for  the  buckypapers  and  their  composites.  However,  the  rope  length  is  believed  to 

be  significantly  less  than  the  size  of  the  nanocomposites  used  in  the  project  (25-47  mm  in 

diameter).  Therefore,  the  discontinuous  reinforcement  models  of  8  pm  rope  length  were 

used  to  predict  the  upper-boundary  properties  of  the  buckypaper  composites.  Figures  5.12 
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and  5.13  show  an  almost  linear  increase  in  modulus  of  random  and  aligned  SWNT 
ropes/epoxy  composites  with  respect  to  an  increase  in  nanotube  weight  content. 
Furthermore,  considering  the  large  variation  of  the  measured  properties  of  SWNT  ropes 
[1],  the  upper-boundary  (upper  line),  middle  (middle  line)  and  lower-boundary  (bottom 
line)  composite  properties  are  also  shown  in  the  Figures  by  using  110.5,  67.0  and  33.5 
GPa  modulus  of  the  SWNT  ropes  in  the  prediction,  respectively. 

5.3.4.  Comparison  of  the  predicted  and  experimental  results 

Unlike  the  direct  mixing  of  nanotubes  in  the  resin,  the  buckypaper/resin  infiltration 
process  can  produce  nanocomposites  with  uniform  nanotube  dispersion  and  high  tube 
loading.  More  importantly,  the  desired  in-plane  nanotube  alignment  in  the 
nanocomposites  was  achieved  by  using  the  aligned  buckypapers  made  in  high  magnetic 
fields.  The  experimental  results  of  the  storage  moduli  of  both  random  and  aligned 
buckypaper  nanocomposites  listed  in  Tables  5.1  and  5.2  are  also  shown  in  Figures  5.12 
and  5.13,  respectively.  The  dots  in  Figures  5.12  and  5.13  represent  the  actual 
experimental  values  of  the  random  and  aligned  buckypaper/epoxy  nanocomposite  moduli. 
These  storage  modulii  were  tested  with  a  DMA  2980,  using  the  tensile  mode  at  1  Hz 
frequency,  which  was  close  to  the  Young’s  moduli  testing  condition  for  the 
nanocomposites.  The  aligned  samples  were  tested  in  the  direction  of  tube  alignment. 
Since  the  density  of  the  SWNT  ropes  was  close  to  that  of  the  neat  resin,  it  was  assumed 
that  the  rope  volume  content  fraction  was  the  same  as  the  weight  fraction  in  the  produced 
composite  samples.  It  can  be  seen  that  the  predicted  results  agreed  well  with  the 
experimental  results,  which  indicates  that  the  formation  of  SWNT  ropes  in  the 
composites  has  a  significant  influence  on  the  mechanical  properties. 

5.4.  Thermal  Conductivity  of  Buckypaper  and  Buckypaper  Nanocomposites 

SWNTs  have  exceptionally  high  mechanical  properties  and  thermal  conductivity.  For 
example,  MD  simulations  revealed  that  the  thermal  conductivity  of  SWNTs  could  be  as 
high  as  6600  W/mK  at  room  temperature.  Many  scientists  and  researchers  believe  that 
SWNTs  are  among  the  most  promising  reinforcement  materials  or  functional  agents  for 
developing  high  performance  structural  and  multifunctional  nanocomposites.  Strong 
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interests  exist  in  developing  high  thermal  conducting  nanomaterials  using  SWNTs  [4-12]. 
Due  to  the  highly  anisotropic  nature  of  nanotube  thermal  conductivity,  existing 
manufacturing  techniques  cannot  effectively  produce  controlled  nanotube  alignment  in 
SWNT  nanocomposites,  which  is  critical  for  developing  SWNT-based  thermal 
conducting  materials. 

In  the  buckypapers  and  buckypaper-reinforced  nanocomposites,  SWNTs  can  form  dense 
networks  (see  Chapter  2,  3  and  4).  Therefore,  a  high  thermal  conductivity  is  expected. 
Particularly,  in-plane  tube  alignment  and  high  tube  content  can  be  achieved  in 
magnetically  aligned  buckypaper-reinforced  nanocomposites,  which  are  important  for 
developing  high  performance  thermal  management  materials  using  SWNTs.  In  this 
project,  thermal  conductivity  of  both  magnetically  aligned  buckypapers  and  their 
composites  were  measured  using  a  comparative  method.  The  results  were  analyzed,  and 
two  models  were  studied  to  predict  the  thermal  conductivity  of  the  nanocomposites. 
These  results  provide  a  deeper  understanding  on  thermal  properties  of  both  buckypapers 
and  their  nanocomposites. 

Dr.  Smalley’s  group  first  investigated  the  thermal  properties  of  buckypaper  materials  [12- 
14].  Hone  et  al.  measured  the  thermal  conductivity  of  random  and  aligned  buckypapers. 
They  observed  a  quasi-linear  temperature  relationship  of  the  buckypaper  thermal 
conductivity  from  50  K  to  room  temperature.  In  this  project,  the  research  team  measured 
the  thermal  conductivity  of  the  large  buckypapers  and  nanocomposites  described  in 
Chapters  2,  3  and  4. 

5.4.1.  Fixture  of  the  measurements 

The  thermal  conductivity  of  the  produced  buckypapers  and  nanocomposites  was 
measured  using  a  comparative  method.  This  method  can  be  used  for  evaluating  materials 
with  moderate  to  high  conductivity  (between  0.02  and  250  W/mK)  and  requires  very 
small  samples.  The  method  conforms  to  ASTM  El 225-99:  Standard  Test  Method  for 
Thermal  Conductivity  of  Solids  by  Means  of  the  Guarded-Comparative-Longitudinal 
Heat  Flow  Technique. 
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Figure  5.14  shows  the  schematic  of  the  comparative  method.  The  principle  of  the 
measurement  lies  with  passing  the  heat  flux  through  a  known  sample  and  an  unknown 
sample  and  comparing  the  respective  thermal  gradients,  which  are  inversely  proportional 
to  their  thermal  conductivities.  Typically,  the  measured  sample  is  sandwiched  between 
two  known  samples,  known  as  the  references,  to  further  account  for  heat  losses  that  are 
difficult  to  eliminate  during  measurement. 


Reference 


Sample 

Reference 


heater 


AT, 


ATs 


AT2 


AL,  =L 


ALS  =  L 


ALj  =  L 


Figure  5.14  Schematic  of  the  comparative  method  principal 
The  following  equation  was  used  to  calculate  the  sample  thermal  conductivity, 


Q  A  Ts  AT.  +  AT,  1 

^  =  =  - 2 - 1 


(5.9) 


where  Ks  is  the  thermal  conductivity  of  the  sample  and  KR  the  thermal  conductivity  of 
the  references. 


The  reference  used  is  constantan.  The  material,  purchased  as  a  foil  made  by  Goodfellow, 
was  selected  according  to  the  geometry  of  the  buckypapers.  Its  thickness  was  0.02  mm, 
which  is  comparable  with  the  thickness  of  buckypapers.  The  composition  of  this  alloy 
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was  Cu55/Ni45.  The  thermocouples,  purchased  from  Omega,  were  realized  from  chromel 
and  constantan  wires  with  a  diameter  of  0.0005  inch  (0.0127  mm). 

Figure  5.15  shows  the  fixture  design  used  for  the  measurements.  Several  improvements 
in  the  fixture  were  needed  to  decrease  the  signal  noise  and  the  heat  loss  by  radiation 
across  the  sample.  A  rectangular  piece  of  copper  was  used  as  support  for  the  experiment 
and  to  control  the  temperature  of  the  fixture.  Isolated  wires  were  fixed  on  the  rectangular 
support  to  provide  the  electricity  for  the  heater  of  the  sample  and  collect  the  voltage 
produced  by  the  different  thermocouples.  The  heater  was  a  small  chip  resistor  suspended 
in  the  air  by  the  wires  on  which  it  was  connected  at  one  end  of  the  rectangular  piece  of 
copper. 


Figure  5.15  Schematic  of  the  fixture 


To  measure  the  temperature  dependence  of  the  sample,  a  system  to  control  the  sample 
temperature  was  developed  based  on  the  cold  finger  technique.  A  copper  rod  with  a 
diameter  close  to  the  size  of  the  fixture  width  was  screwed  on  the  fixture  to  maintain  a 
large  contact  surface  between  the  cold  finger  and  the  fixture,  as  shown  on  Figure  5.16. 
GE  Vanish,  a  manganin  heater  wire,  was  pasted  on  a  copper  rod.  A  small  hole  was  drilled 
in  the  copper  rod  to  place  a  thermometer  and  estimate  the  temperature  of  the  fixture.  To 
reduce  heat  loss,  the  cold  finger  was  placed  on  the  side  of  the  heater.  The  temperature  of 
the  cold  finger  was  assumed  to  be  the  same  as  the  temperature  of  the  fixture  due  to  the 
high  conductivity  of  copper.  After  the  time  required  to  reach  thermal  equilibrium,  the 
Manganin  wire  was  plugged  with  the  thermometer  to  a  temperature  controller.  The 
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temperature  controller  set  the  current  in  the  manganin  wire  to  reach  the  temperature 
desired. 


Figure  5.16  Cold  finger  for  temperature  control 


The  thermocouples  were  differential  ones  made  with  chromel  and  constantan  wires  of 
0.0005  inch  in  diameter.  The  junction  was  made  in  a  nitrogen  atmosphere  by  electric 
contact  with  a  gold  foil.  The  set  up  is  presented  in  Figure  5.17.  Nitrogen  was  used  to 
remove  the  oxygen  and  prevent  oxidation  during  the  melting  of  the  junction.  The  wires 
were  twisted  together  and  the  electric  current  was  applied  on  the  twist  to  melt  it  and 
ensure  a  good  junction  between  the  chromel  and  the  constantan  wires. 


Figure  5.17  Apparatus  to  make  thermocouples 

A  coil  was  formed  on  each  wire  after  making  the  junction  to  increase  the  length  of  the 
wires  and  to  decrease  the  space  occupied  by  the  thermocouples.  The  extremities  of  the 


thermocouples  were  then  bonded  by  silver  paste  on  the  wires. 
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5.4.2.  Experimental  setup 

In  the  rectangular  fixture  support,  the  first  reference  was  glued  to  the  heater  using  the  GE 
Vanish.  The  sample  was  then  bonded  on  the  other  side  of  the  reference  using  a  thin  layer 
of  silver  paste  and  a  second  reference  was  similarly  bonded  on  the  other  end  of  the 
sample.  The  second  reference  was  mechanically  pressed  at  the  end  of  a  piece  of  copper  to 
ensure  a  good  thermal  contact  between  the  end  of  the  reference  and  the  fixture  support. 
Since  the  cross  section  area  was  small  due  to  the  small  thickness  of  the  sample  (around 
0.008  mm  for  the  buckypaper  samples),  the  contact  between  the  reference  and  the 
sample  was  achieved  on  the  sample  surface  using  diluted  silver  paste  to  ensure  the 
conduction  of  heat  flow,  as  shown  in  Figure  5.18.  The  surface  contact  was  considered 
large  enough  when  the  contact  surface  was  at  least  10  times  bigger  than  the  cross  section 
area. 

sample 

reference 


heater 

Figure  5.18  Schematic  of  the  contact  between  sample  and  references 

Since  the  reference  and  the  sample  were  electrically  conductive,  some  electrical  isolation 
was  required  between  the  material  and  the  thermocouples.  If  electrical  contact  occurred 
between  the  junctions  of  the  thermocouples,  the  electrical  signal  produced  by  the 
difference  of  temperatures  between  the  two  junctions  would  change  and  the 
measurements  would  be  impossible.  For  the  reference,  a  layer  of  thermal  epoxy  with  high 
thermal  conductivity  was  applied  on  the  surface  where  the  junctions  of  the  thermocouples 
were  bonded.  For  the  sample,  a  layer  a  GE  Vanish  was  similarly  applied.  The  junctions 
were  placed  on  the  reference  and  the  sample  so  that  the  distance  between  the  junctions  of 
the  thermocouples  was  almost  the  same  for  each  thermocouple.  As  the  contact  between 
the  reference  and  the  sample  were  on  the  surface,  the  junction  was  placed  some  distance 
from  the  contact  in  the  direction  of  the  heat  flow,  as  shown  in  Figure  5.19. 
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Figure  5.19  Schematic  of  thermocouples  on  sample  and  references 

5.4.3.  Radiation  shield 

The  last  component  of  the  fixture  was  the  radiation  shield.  A  thermal  shield  of  a  high 
conductive  polymer  sheet  was  rolled  around  the  fixture  to  decrease  the  heat  loss.  The 
shield  was  held  on  the  fixture  with  Teflon  tape,  as  shown  in  Figure  5.20.  The  radiation 
shield  was  positioned  after  the  setup  of  the  experiment  since  it  enclosed  the  fixture.  The 
wires  were  then  connected  to  a  probe,  and  the  probe  was  sealed  in  a  vacuum  can. 


Figure  5.20  The  fixture  with  thermal  shield  plugged  on  the  probe 


Finally,  the  thermocouples  and  the  heater  were  plugged  into  the  probe  with  pin 
connectors,  and  the  signals  were  carried  to  the  instruments.  The  signal  from  the 
thermocouples  was  measured  by  nanovoltmeters  as  their  voltage  required  a  precision  of 
10  nV.  The  heater  on  the  fixture  support  was  powered  with  a  programmable  power 
supply,  and  the  heater  of  the  cold  finger  and  its  thermometer  was  connected  to  the 
temperature  controller.  All  instruments  (nanovoltmeters,  power  supply  and  temperature 
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controller)  were  also  connected  to  the  computer  with  GPIB  cables  and  were  used  with  a 
LabView  program  to  conduct  the  experiment  control. 

5.4.4.  Experimentation 

Before  conducting  the  experiment,  the  GE  Vanish  applied  to  bond  the  thermocouples  on 
the  sample  has  to  be  completely  dry.  In  natural  conduction,  the  curing  time  is  6  hours. 
However,  to  reduce  the  time  needed  for  each  experiment,  the  fixture  was  placed  under  the 
heat  of  a  light  bulb  for  one  hour. 

After  checking  the  thermocouples  bonds,  the  fixture  was  heated  using  the  cold  finger  to 
50°C  for  30  minutes.  The  vacuum  was  set  with  a  diffusion  pump  that  could  reach  10 6 
torr.  Upon  reaching  room  temperature,  measurements  were  taken.  The  LabView  program 
monitored  the  voltage  of  the  thermocouples.  Measurements  were  taken  at  a  number  of 
current  increase  steps:  a  current  step  was  applied  to  the  heater  on  the  reference  in  order  to 
create  a  temperature  difference  between  each  end  of  the  reference.  This  temperature 
difference  can  be  interpreted  as  a  heat  flow  that  was  conducted  from  the  first  reference,  to 
the  sample  and  then  to  the  second  reference,  which  was  kept  at  a  constant  temperature  by 
contact  with  the  fixture.  After  a  time  step  of  few  seconds,  the  equilibrium  should  have 
been  reached,  and  the  voltage  produced  by  each  thermocouple  was  taken  to  produce  a 
point  in  the  measurement.  The  measurements  were  in  a  steady  state,  since  the  equilibrium 
was  reached  before  the  value  was  saved.  Once  the  values  were  saved,  a  step  was  added  to 
the  current  applied  to  the  heater  on  the  reference  to  increase  the  temperature  of  the  heater. 
The  current  step  was  a  parameter  on  LabView  that  was  sent  on  the  programmable  power 
supply  until  the  temperature  maximum  was  reached.  Another  heat  flow  was  again 
produced  and  a  second  set  of  values  was  saved  to  make  a  point  in  the  measurements.  This 
cycle  continued  until  the  sum  of  difference  of  temperatures  reached  a  defined  maximum 
temperature.  The  current  step  and  the  maximum  temperatures  were  related  parameters. 
They  both  contributed  to  the  number  of  measurements  for  each  test.  The  current  step  had 
to  be  large  so  that  the  temperature  difference  was  large  enough  for  a  measurement  in  the 
experiments,  as  shown  in  Figure  5.21.  However,  if  the  current  step  was  too  high,  the 
temperature  maximum  would  be  reached  in  two  or  three  steps.  A  good  measurement  must 
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contain  five  to  ten  sets  of  values  that  are  averaged  to  register  data  points  in  the  test.  When 
the  maximum  temperature  was  reached,  the  thermal  conductivity  was  computed 
according  to  the  comparative  technique.  The  heat  flow  taken  into  account  for  the  sample 
was  the  average  of  the  heat  flow  measured  on  each  reference  to  estimate  the  heat  loss. 
This  assumption  was  possible  by  keeping  the  same  distance  for  each  thermocouple  with 
the  same  geometry  and  lengths  for  the  references  and  the  samples. 


Figure  5.21  Schematic  of  heat  loss  during  a  measurement 

5.4.5.  Measurement  analysis 

The  first  measurements  were  taken  at  room  temperature  by  keeping  the  vacuum  can  at 
ambient  temperature  (circled  in  Figure  5.22).  The  vacuum  can  was  then  dipped  into 
liquid  nitrogen  and  the  temperature  was  set  with  the  temperature  controller.  The  time  to 
set  the  temperature  was  kept  long  enough  to  ensure  stability  in  the  temperature,  varying 
from  20  minutes  to  90  minutes  for  lower  temperatures,  where  cooling  took  longer  as  the 
difference  of  temperature  between  liquid  nitrogen  and  the  fixture  decreased. 
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Figure  5.22  Temperature  dependence  of  the  thermal  conductivity  for  buckypaper  in  the  aligned 

direction 

The  values  presented  in  Figure  5.22  are  the  results  for  an  aligned  buckypaper  in  the 
aligned  direction.  The  aligned  buckypapers  were  made  with  a  17.3  T  using  a  suspension 
concentration  of  20  mg/L  and  Triton  XI 00  as  the  surfactant.  The  buckypaper  thickness 
was  0.02mm.  Three  sets  of  values  represent  the  thermal  conductivity  of  the  sample 
calculated  using  the  heat  flow  measured  on  the  first  reference,  the  heat  flow  measured  on 
the  second  reference  and  an  average  of  the  heat  flow  of  both  references.  The  points 
represent  the  actual  values  measured  and  the  lines  join  at  the  point  in  the  consecutive 
order  of  measurement.  The  first  measurements  are  the  circled  values  at  room  temperature. 
Then  the  vacuum  can  was  dipped  in  the  liquid  nitrogen  and  the  temperature  was  set  at 
270K.  The  measurements  continued  during  cooling  by  different  steps  in  temperatures 
until  120K  and  then  a  value  at  room  temperature  was  measured  by  heating  the  fixture 
with  the  cold  finger  to  300K.  The  last  value  was  the  correct  value  for  room  temperature, 
since  it  matched  the  linear  temperature  dependence  described  in  the  literature. 


The  difference  between  the  values  of  reference  1  and  reference  2  represents  the  heat 

losses.  Their  values  decreased  with  temperature,  which  proved  that  these  losses  are  due  to 
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radiation.  As  the  temperature  of  the  fixture  was  closer  to  the  temperature  of  liquid 
nitrogen,  the  radiation  decreased.  This  system  was  particularly  sensitive  to  radiation 
because  of  the  high  surface  to  volume  ratio,  due  to  the  small  thickness  of  the  samples. 
The  average  value  is  the  one  that  is  to  be  kept  as  the  measured  value  of  the  thermal 
conductivity  of  all  the  samples  in  this  project. 

5.4.6.  Results  and  analysis 

The  thermal  conductivity  test  results  of  the  buckypaper  and  buckypaper/epoxy 
nanocomposites  are  presented  in  Figure  5.23.  As  expected,  the  thermal  conductivity  of 
the  aligned  buckypaper  in  the  alignment  direction  was  the  highest  at  all  temperatures.  The 
thermal  conductivity  of  the  random  buckypaper  and  the  aligned  one  in  the  perpendicular 
direction  are  in  the  same  order,  although  a  higher  value  for  the  random  could  have  been 
expected.  This  may  be  the  result  in  the  difference  of  the  sample,  such  as  the  quality  of  the 
nanotubes  or  the  size  of  the  ropes  or  even  some  local  variations  in  the  buckypaper  since 
the  size  of  the  samples  are  very  small.  The  linear  temperature  dependence  is  more 
obvious  for  the  aligned  direction  and  the  random  buckypapers  than  for  the  perpendicular 
direction  where  a  curvature  in  the  values  is  visible. 
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Figure  5.23  Thermal  conductivities  and  temperature  dependence  of  buckypapers  and  buckypaper 

composites 

The  buckypaper  thickness  was  0.02  mm,  while  the  composite  was  0.15  mm  for  the 
aligned  nanocomposites  samples  and  0.2  mm  for  the  random  one.  As  expected,  the 
thermal  conductivity  along  the  SWNT  aligned  direction  of  the  magnetically  aligned 
buckypaper  provides  the  highest  value  and  resembles  the  results  of  Fisher  et  al.  We 
observed  the  same  quasi-linear  temperature  relationship  of  the  buckypaper  thermal 
conductivity  from  100K  to  room  temperature.  However,  the  temperature  dependence  of 
the  aligned  buckypaper  in  the  perpendicular  direction  does  not  show  the  same  monotonic 
dependence,  but  rather,  exhibits  an  upturn  in  the  slope  at  200K.  We  also  noticed  that  the 
buckypaper  composite  samples  present  the  same  quasi-linear  temperature  dependence, 
which  may  be  due  to  the  fact  that  the  epoxy  has  a  very  low  thermal  conductivity  that 
remains  stable  between  100K  and  room  temperature.  This  may  also  suggest  that  the 
matrix  does  not  influence  the  thermal  transport  across  the  buckypaper  in  the  composites. 


123 


For  the  aligned  composites,  it  appears  that  the  values  in  the  aligned  and  perpendicular 
directions  are  the  same.  This  can  be  explained  by  the  fact  that  the  samples  come  from 
different  composites  (A-4-6C  for  the  aligned  direction  and  A-4-3C  for  the  perpendicular 
direction)  and  may  have  different  microstructures.  The  characteristics  of  the  composite 
samples  are  listed  in  Table  5.3.  This  difference  of  results  was  already  observed  in  the 
measurement  of  the  storage  modulus  by  DMA.  A-4-6C  has  a  storage  modulus  of  40  GPa, 
while  A-4-3C  has  only  18  GPa. 


Table  5-3  Characteristics  of  a 

igned  nanocomposite  samples 

Name 

Magnetic  strength 
for  the 
buckypaper 

SWNT  weight 
fraction 

Storage  modulus 
in  the  alignment 
direction  (GPa) 

Composite  parallel 

17.3 

54.5  % 

40 

Composite 

perpendicular 

17.3 

47.9  % 

18 

Random  composite 

0 

25-31  % 

10-15 

The  measurements  for  the  aligned  buckypaper  in  the  aligned  and  perpendicular  direction 
came  from  the  same  buckypaper.  The  anisotropy  for  the  composites  was  insignificant,  but 
the  anisotropy  ratio  for  the  buckypaper  was  calculated  with  the  ratio  of  the  thermal 
conductivity  in  the  aligned  direction  by  the  value  in  the  perpendicular  direction,  as  shown 
in  Figure  5.24.  This  anisotropy  ratio  was  lower  than  expected  and  decreased  as  the 
temperature  increased.  This  phenomenon  agrees  with  the  trend  observed  on  the  thermal 
conductivity  of  the  buckypaper  in  the  perpendicular  direction.  If  this  trend  is  the  result  of 
some  heat  loss,  then  the  actual  anisotropy  of  the  sample  is  measured  at  the  lower 
temperature  where  the  heat  losses  are  less  important.  The  anisotropy  was  then  3.5  and 
less  than  half  the  measured  value  for  that  of  the  electrical  conductivity  reported  in 
Chapter  4. 
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Figure  5.24  Anisotropy  ratios  of  the  thermal  conductivity  for  the  aligned  buckypaper 


5.4.7.  Temperature  dependence 

To  compare  the  temperature  dependence  of  all  samples,  the  values  were  normalized  by 
their  thermal  conductivity  at  270K.  This  temperature  was  chosen  since  the  conductivity 
was  higher  at  room  temperature.  The  temperature  dependence  of  the  normalized  thermal 
conductivity  is  presented  in  Figure  5.25.  All  samples,  random  or  magnetically  aligned 
buckypapers  and  nanocomposites,  have  almost  the  same  quasi-linear  relationship  with 
temperature,  except  for  the  measurement  of  the  aligned  buckypaper  sample  in  the 
perpendicular  direction. 
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Figure  5.25  Normalized  temperature  dependence 

Buckypapers  and  nanocomposites  exhibited  the  same  temperature  dependence  between 
110K  to  room  temperature,  whether  the  nanotubes  had  been  magnetically  aligned  or 
infused  with  resin.  Only  the  absolute  value  of  the  thermal  conductivity  differed  between 
them.  So  far,  we  can  estimate  the  thermal  conductivity  of  any  buckypaper  or  buckypaper 
composite  sample  between  100K  and  room  temperature  from  a  single  reading  in  this 
temperature  range.  The  temperature  dependence  was  characterized  by  fitting  a 
polynomial  in  temperature  T  to  an  average  of  the  quasi-linear  regressions  for  all  samples 
(except  for  the  perpendicular  thermal  transport  result),  as  shown  in  the  following 
equation: 


—  -  =  4.74  •  10'3  x  T  -  2.82  •  10'1 
A"(270) 


(5.10) 


where  k(T)  is  the  thermal  conductivity  in  W/mK,  k(270)  is  the  value  of  the  thermal 

conductivity  at  270  K,  and  T  is  the  temperature  in  Kelvin. 
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Equation  5.10  can  be  used  to  predict  the  thermal  conductivity  of  buckypapers  and 
buckypaper/EPON  862  composites  from  room  temperature  to  100K,  with  the 
measurement  of  the  thermal  conductivity  at  only  one  temperature. 

5.4.8.  Modeling  and  prediction 

Several  models  were  considered  to  describe  the  thermal  conductivity  of  the  buckypapers 
and  their  composites.  Since  the  buckypapers  formed  a  continuous  SWNT  network  in  the 
nanocomposite,  the  Rule  of  Mixture  (Equation  5.11)  could  provide  a  good  prediction. 

=  ^ SWNT (l  _  V SWNT  )^e  (5. 11) 

where  k„  is  the  thermal  conductivity  of  the  nanocomposite,  Kb  is  the  thermal  conductivity 
of  the  buckypaper  used  for  the  composites,  Ke  is  the  thermal  conductivity  of  the  matrix, 
and  Vswnt  is  the  volume  fraction  of  SWNT  in  the  composite. 

The  predicted  results  are  shown  in  Figures  5.26  and  5.27  for  random  buckypaper- 
reinforced  and  aligned  buckypaper-reinforced  nanocomposites.  However,  this  model 
apparently  overestimates  the  thermal  conductivity  of  the  nanocomposites,  especially  for 
the  aligned  samples.  This  may  be  due  to  the  negative  effects  of  the  nanotube  contact  with 
epoxy  resin. 


Figure  5.26  Thermal  conductivity  of  the  random  buckypaper,  its  nanocomposites  and 

model  predictions 
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Figure  5.27  Thermal  conductivity  of  the  aligned  buckypaper  in  the  alignment  direction,  its 

nanocomposite  and  model  predictions 


The  model  for  randomly  oriented  nanotubes  in  a  composite  presented  by  Nan  et  al.  was 
also  considered  [15]: 


*■„  = 


3  Ke  +  Y, SWNT  ^ SWNT 


3-2V 


SWNT 


(5.12) 


where  kswnt  is  the  thermal  conductivity  of  an  individual  nanotube. 

Even  though  this  model  was  designed  to  predict  the  thermal  conductivity  of  randomly 
dispersed  nanotubes  in  a  matrix,  a  modified  form  was  considered  to  attempt  to  model  the 
buckypaper  composite  behavior.  The  thermal  conductivity  (kswnt)  of  isolated  and 
individual  nanotubes  would  greatly  overestimate  the  conductivity  of  the  resultant 
composite.  The  large  interface-resistance  to  heat  flow  and  interfacial  contact  in  SWNT 
nanocomposites  may  explain  the  overestimation  previously  reported  [4,36].  These  effects 
could  be  taken  into  account  by  using  the  thermal  conductivity  of  the  buckypaper,  since 
some  tube-tube  contact  and  interface  resistance  are  already  taken  into  account  in  the 
buckypaper  thermal  properties.  Therefore,  kswnt  is  changed  to  Kb  in  Equation  5.12  to 
obtain  the  following  modified  model: 
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(5.13) 


K  _  +  ^ SWNT Kb 

n  3-  2V 

J  ^ VSWNT 

This  model  predicts  a  lower  thermal  conductivity  than  the  simple  Rule  of  Mixture  model 
and  more  closely  follows  the  experimental  results. 

In  Figures  5.26  and  5.27,  the  experimental  data  and  predictions  from  the  theoretical 
models  are  shown  and  compared  for  the  random  and  aligned  nanocomposites.  For 
random  composites,  the  experimental  thermal  conductivity  values  are  between  two 
different  theoretical  predictions,  while  those  of  aligned  composites  are  smaller  by  a  factor 
of  two  or  four. 

5.5.  Conclusions 

The  produced  randomly  oriented  buckypaper  nanocomposites  had  a  SWNT  loading  up  to 
39%.  The  storage  moduli  of  the  resulting  composites  were  as  high  as  15Gpa,  which  were 
429%  higher  compared  to  the  neat  resin  modulus.  The  DMA  results  showed  that  the 
presence  of  SWNTs  significantly  affects  the  damping  properties  of  the  composites  due  to 
possible  intensive  molecular  interactions  between  the  nanotubes  and  resin  molecules.  The 
storage  moduli  of  the  magnetically  aligned  buckypaper  nanocomposites  can  be  as  high  as 
45.0GPa,  which  is  one  of  the  highest  reported  values  found  in  the  literature  data. 

The  mechanical  properties  of  SWNT-reinforced/epoxy  nanocomposites  were  predicted 
based  on  the  composite  models  of  both  random  and  aligned  discontinuous  reinforcements. 
The  predicted  tensile  moduli  of  individual  dispersed  and  aligned  SWNTs-reinforced 
composites  were  higher  compared  to  conventional  unidirectional  carbon  fiber  composites. 
These  predicted  results  were  also  much  higher  compared  to  the  experimental  data  found 
in  literature.  Considering  the  formation  of  SWNT  ropes  in  the  actual  nanocomposites,  the 
mechanical  properties  of  the  nanotube  rope-reinforced/EPON  862  resin  nanocomposites 
showed  that  the  predicted  results  agreed  with  the  experimental  ones  for  both  random  and 
aligned  SWNT  rope-reinforced  nanocomposites,  indicating  that  the  formation  of  SWNT 
ropes  in  the  composites  has  a  significant  influence  on  the  mechanical  properties. 
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In  the  magnetically  aligned  buckypaper,  the  thermal  conductivity  was  relatively  high  (42 
W/m/K  at  room  temperature)  along  the  tube  alignment  direction,  with  an  anisotropy 
kpara/kperp  ~  3.5.  However,  in  the  buckypaper/epoxy  nanocomposites,  the  thermal 
conductivity  dropped  significantly  by  almost  an  order  of  magnitude,  and  became 
comparable  to  the  value  for  the  non-aligned  (randomly  oriented)  nanocomposite.  We 
found  that  the  temperature  dependence  of  both  buckypapers  and  their  composite  systems 
all  follow  a  quasi-linear  temperature  dependence  characteristic  of  phonon  scattering, 
except  for  the  case  of  thermal  transport  perpendicular  to  the  tube  alignment  direction  of 
the  aligned  buckypaper  sample. 
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6.  Molecular  Dynamics  Simulations  of  Molecular  Interactions  in 
Nanocomposite  Processing  and  Composite  Interface 

When  processing  SWNT/epoxy  nanocomposites,  the  liquid  epoxy  resin  interacts  with  the 
nanotubes  at  nanoscale  and  intense  molecular  interactions  can  be  expected.  These 
interactions  play  critical  roles  in  processing,  determining  nanostructures,  as  well  as 
forming  interface  of  final  nanocomposites.  This  chapter  reports  on  the  molecular 
dynamics  (MD)  simulations  conducted  to  examine  and  understand  the  molecular 
interactions  in  processing  and  interface  of  SWNTs/EPON  862  nanocomposites. 

Good  wetting  between  single-walled  nanotubes  (SWNTs)  and  resin  matrix  molecules  is 
extremely  important  during  SWNT/polymer  composites  processing  and  applications. 
Compared  to  fibers  in  conventional  carbon  fiber  reinforced  composites,  SWNTs  might  be 
expected  to  have  different  wetting  characteristics  due  to  their  considerably  smaller 
diameters  and  curvature,  extra-large  surface  area  and  unique  electronic  structure  [1-4]. 
For  example,  Dujardin  et  al.  [3]  found  that  a  given  liquid  material  with  the  surface 
tension  of  40-80  mJ/m  would  spread  well  on  the  surface  of  individual  SWNT  to  achieve 
good  wetting.  According  to  this  result,  most  of  liquid  polymeric  resins  used  in 
conventional  carbon  fiber  composite  processing  with  a  surface  tension  of  30-60  mJ/m  [5, 
6]  should  result  in  good  wetting  with  SWNTs.  In  a  number  of  efforts  for  developing 
nanotube  composites,  both  epoxy  resins  and  thermoplastic  polymers  were  used  as  the 
matrix  polymers  to  produce  both  MWNT  and  SWNT  composites  [7-12].  However,  these 
studies  have  shown  that  the  current  nanotube-based  composites  do  not  demonstrate  their 
much-anticipated  performance.  In  recent  research  cases,  the  surfaces  of  the  pullout 
nanotubes  or  nanotube  ropes  from  the  polymeric  composites  were  usually  smooth  and 
showed  no  signs  of  adhered  resin  remaining  on  the  tube  surfaces.  Poor  wetting  and 
interfacial  bonding  are  among  the  major  technical  issues  for  developing  nanotube- 
reinforced  composite  materials.  Unfortunately,  there  is  a  lack  of  fundamental 
understanding  of  nanoscale  wetting  and  interfacial  bonding  mechanisms  between  SWNTs 
and  resin  molecules,  due  to  the  nanoscale  dimensions  involved,  lack  of  effective  test 

methods,  as  well  as  the  high  cost  for  experiments. 
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In  this  project,  MD  simulation  investigated  the  molecular  interactions  in  processing  and 
interface  of  the  SWNT/EPON  862  nanocomposites.  The  simulations  were  carried  out 
using  Materials  Studio,  a  commercial  software  package  developed  by  Accelrys,  Inc.  on  a 
SGI-Octane  2  workstation.  The  molecular  dynamics  simulation  was  performed  long 
enough  to  observe  several  cycles  of  thermal  vibrations.  The  interval  of  each  molecular 
dynamics  simulation  step  was  typically  1  or  2  femto  seconds  (fs).  All  calculations  were 
carried  out  at  the  initial  temperature  300K  using  NVT  ensembles  (constant  number  of 
particles,  constant  volume  and  constant  temperature).  A  summary  of  the  MD  simulation 
conditions  is  listed  in  Table  6.1.  The  simulation  results  were  also  compared  with  our 
experimental  observations  and  results  in  Chapters  2,  5  and  7. 


Table  6-1  Conditions  for  the  MD  simulation  setup 


Simulation  condition 

Setup 

Hardware 

SGI-Octane  2 

Software 

Materials  Studio  2.0 

Force  field 

COMPASS 

Time  step 

1  or  2  fs 

Initial  temperature 

300  K 

Ensemble 

NVT 

Molecular  dynamics  deal  with  the  time-dependent  processes  of  moving  molecules.  MD 
simulations  evaluate  the  forces  on  a  particle  and  use  these  forces  to  determine  the 
particle’s  acceleration.  A  particle’s  initial  velocity  is  usually  determined  by  a  random 
distribution  according  to  the  Maxwell-Boltzmann  distribution  at  a  given  simulation 
temperature.  Once  an  initial  velocity  is  chosen,  it  is  updated  using  the  calculated 
accelerations.  In  a  MD  simulationa,  the  classic  equations  of  motion  are  used  to 
approximate  the  positions,  velocities  and  accelerations  of  all  the  atoms  and  molecules. 

dE  d2R 
—  =  m — — 

dR  dt  (6.1) 
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where  E  is  the  potential  energy,  R  is  the  coordinates  of  atoms,  and  m  is  the  mass  of 
atoms.  However,  an  analytical  solution  for  the  accelerations  would  be  quite  complicated 
for  all  but  simple  systems,  so  a  numerical  solution  must  be  used. 


At  the  heart  of  a  MD  simulation  is  the  force  field,  which  is  the  main  set  of 
approximations  used  to  represent  the  molecular  system  examined.  A  force  field  is  an 
analytical  expression  that  gives  the  potential  energy  of  a  molecular  system  in  terms  of  the 
atomic  coordinates.  The  condensed  phase  optimization  molecular  potentials  for  atomistic 
simulation  studies  (COMPASS)  module  in  the  Materials  Studio  software  was  used  to 
conduct  force  field  computations.  The  COMPASS  was  parameterized,  tested  and 
validated  for  most  of  the  common  organic  and  inorganic  materials  [13-15].  This  method 
was  parameterized  from  ab  initio  computations  of  model  compounds  and  optimized  using 
condensed-phase  properties  of  polymers  and  low-molecular-weight  compounds. 

The  total  potential  energy  calculated  by  the  COMPASS  can  be  broken  down  into  the 
following  terms: 


valence 


+  E, 


nonbond 


(6.2) 


E, 


valence 


=  E 


diagonal 


+  E, 


coupling 


(6.3) 


E diagonal  E bond  E angU  Et 


'torsion 


+  E, 


out -of -plane 


(6.4) 


E, 


nonbond 


(6.5) 


E  E 

The  valence  component,  valence ,  is  decomposed  into  diagonal  terms,  d,n«onal ,  and  the 

E  E 

off-diagonal  cross  coupling  terms,  .  The  diagonal  terms,  rfM*on'I/ ,  can  be  further 

E  E 

decomposed  into  the  bond  stretching  energy,  bond ,  angle  energy,  m*,e ,  torsion  energy, 

E  E 

torsion  >  an(j  out-of-plane  deformation  energy,  out-of-piane ,  gjven  as  follows: 


134 


(6.6) 


=  Zl%(fr-*o)2  +3  K„(b-b0)3  +4  Kb{b-bS\ 

b 

EmtU  =£lX(0-0o)2+3K,(0-0o)3+4K*(0-0o)4J  (6’?) 

(9 

£,onfa,  =S['A:#(1_cos<z>)+2  Ml-cos  20)+3  AT, (1-cos  30)J  (6.8) 

<0 

W*~  =  2X*2  (6'9) 


2  3  4  ^ 

where  K ,  K  ,  are  the  quadratic,  cubic  and  quartic  force  field  parameter  or  force 

L 

constant,  respectively.  For  this  equation,  b  js  the  bond  length,  0  is  the  reference  value 

of  the  bond  length,  ^  is  bond  angle,  is  the  reference  value  of  the  bond  angle,  ^  is  the 
torsion  angle,  and^  is  an  out-of-plane  coordinate. 


£ 

The  off-diagonal  cross  coupling  terms  coupling  includes  bond/bond,  bond/angle, 
angle/angle,  angle/torsion,  central  bond/torsion  and  terminal  bond/torsion  interactions: 


EcoupUnt  =H^(i-i.)(H) 

b  b' 

+  'ZHKi>o(b-b0)(e-e  0) 

b  0 

+  XX  **,(*- W4  (cos  0)  +  Fb\  (cos  2 0)  +  Fbb  (cos  30)] 

b  *> 

+  XX  *o)(*’-*o') 

9  9' 

+  X  X  09  -  00 )(Fjj  cos  0  +  Fe\  cos  20  +  F #3„  cos  30) 

*  0 

+  XXX  (^-^oM^-^o’x#-^) 

9  9'  <fi 


(6.10) 


£ 

nonbotut  js  ^e  nonbond  energy  between  atoms  in  different  molecules  or  between  atoms 
separated  by  three  or  more  bonded  atoms,  which  is  given  by  the  sum  of  the  Coulumbic 
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F  F 

electrostatic  interaction  e,ec  and  the  van  der  Waals  energy  vdw  of  the  Lennard-Jones  9-6 
function. 


i.J  ru 


(6.11) 


E 


vdW 


f 

2 


(6.12) 


where  and  are  the  atomic  partial  charges  on  atoms  *  and  2  ,  and  r‘j  is  the  distance 

e  r° 

between  them.  iJ  and  y  are  the  negative  of  the  minimum  van  der  Waals  energy  and 
that  distance  between  atoms  1  and  J  where  the  minimum  occurs,  respectively. 

From  the  viewpoint  of  computational  cost,  nonbond  interactions  involve  extensive 
calculations.  To  avoid  heavy  computations,  some  approximation  methods  are  used  to 
save  computational  expenses  without  sacrificing  accuracy.  For  calculating  the  van  der 
Waals  interactions,  an  appropriate  combination  rule  was  used  to  improve  computational 
efficiency.  Any  van  der  Waals  interaction  parameters  that  are  actually  defined  for  the 
heterogeneous  atom  pairs  are  called  off-diagonal  parameters.  Off-diagonal  parameters 
that  are  not  available  for  such  atom  pairs  are  calculated  by  averaging  those  for  each  of  the 

two  atom  types  using  the  6th-power  combination  rule.  In  the  simulation,  ij  and  r  y  are 

p  £  0  r0 

computed  from  the  individual  atomic  parameters  ' ,  j ,  r  <  and  J  by  the  Waldman- 
Hagler  combination  rules. 
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Meanwhile,  the  energy  summation  has  a  significant  dependence  on  the  number  of  atoms 
in  the  system.  To  reduce  the  computational  efforts,  nonbond  interactions  are  simply 
calculated  to  a  cutoff  distance  and  interactions  beyond  this  distance  are  ignored.  In  the 
simulations,  the  nonbond  interaction  was  considered  within  a  cutoff  distance  of  10  A. 
The  nonbond  interaction  beyond  10  A  was  insignificant  for  the  molecular  system. 

6.1.  Single-walled  Carbon  Nanotubes 

The  calculation  of  potential  energy  of  SWNTs/epoxy  molecules  requires  the  geometric 
model  of  a  single-walled  carbon  nanotube,  where  the  coordinates  of  atoms  are  known. 
Based  on  the  coordinates  of  atoms,  the  bond  and  non-bonded  distances  and  angles  can  be 
calculated.  Meanwhile,  the  connection  of  atoms  in  the  model  also  represents  the  chemical 
nature  of  the  SWNT,  which  is  used  to  determine  some  parameters  in  the  potential  energy 
model.  This  section  describes  the  molecular  model  of  SWNTs  and  force  field  atom  type. 

6.1.1.  Molecular  model  of  the  single-walled  nanotube 

A  SWNT  can  be  described  as  a  conformational  mapping  of  a  graphene  sheet  into  a 
cylinder  subjected  to  periodic  boundaries  both  around  the  cylinder  and  along  its  axis.  The 

geometry  of  a  SWNT  is  determined  by  the  chiral  vector  h ,  transnational  vector  T ,  and 

symmetry  vector  R.  If  the  set  of  primitive  lattice  vector  a>  and  “2are  introduced,  then 
r; 

*  can  be  expressed  as: 

Ch  =na]  +ma2  =(n,m)  (6.15) 

Each  carbon  nanotube  can  be  labeled  as  a  pair  of  integers  ( " ,  m ).  Various  helical 
structures  are  possible,  such  as  numerous  different  chiral,  “Zigzag”  ~  ^  and 

“armchair”  ~^n'n^  configurations. 

In  this  research,  the  (10,  10)  SWNT  was  considered.  The  main  structural  parameters  of  a 
SWNT  are  listed  in  Table  6.2.  A  segment  of  (10,  10)  SWNT  with  a  finite  length  of  9.7 
nm  was  used  to  perform  MD  simulations.  The  computer  graphics  (CG)  representation  of 
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the  nanotube  in  the  longitudinal  view  is  shown  in  Figure  6.1.  The  boundary  effect  is 
avoided  by  adding  hydrogen  atoms  at  the  ends  of  carbon  nanotube.  The  model  has  400 
carbon  atoms  and  40  hydrogen  atoms.  Each  C-C  bond  length  is  1.42A  and  C-H  bond 
length  is  1.10  A.  The  hydrogen  atoms  have  charges  of  +0.1268  e  and  the  carbon  atoms 
connecting  hydrogen  atoms  have  charges  of  -0.1268  e,  thus  overall  the  carbon  nanotube 
is  neutrally  charged. 


_ Table  6-2  Structural  parameters  for  (10,10)  SWNT 

Symbol  Name  Value 


a  Length  of  unit  vector  (A) 

II 

c-c 

=  2.49 

a , ,  a  2  Primiti  ve  vector 

rv|  o 

(S  Is 

2  ’2 

^  ) 

2  ’  2J 

Cl 

C,,  Chiral  vector  ■ 

C„  = 10a, 

f  10a2  =(10,10) 

R  Radius  (A) 

ayjn 2  +  m2  +  nm 

—  A  0 

' i  - 

2 n 

—  0.0 

T  Translational  vector 

T  =  f,a, 

+  *2a2  “  ai 

-«2 

| 

2  m  +  n 

t  — 

—  1  /  - 

2  n  +  m  , 

d, 

*2  — 

"  d,  — 1 

T  Length  of  T  (A) 

Jt,l 

r  =  |T|  = 

0 

—  =  2.49 

N  Number  of  hexagons  in  the  unit  cell 

II 

1 

a 

2  +m2  +nm)  

dR 

R  Symmetry  vector  R  =  pa 

i  +  <?a2  s  (p.<7)  =  (1,0) 

1 

««>*. 

to 

•*3 

II 

1 

T  Pitch  of  R  (A)  _  ( mp  ■ 

-nq)T  =  MT 

N 

N 

V  Rotation  angle  of  R  2 n 

6  ¥  =  — 

=  0.314 

N 

6.1.2.  Force  field  atom  type  of  SWNTs 

To  calculate  potential  energy,  the  force  field  atom  type  of  each  atom  in  the  molecule 
system  must  be  specified  to  determine  which  force  field  parameters  to  use.  The  force 
field  atom  types  are  related  to  the  micro-chemical  environment  of  atoms,  such  as  the 
number  and  nature  of  connected  atoms. 
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Figure  6.1  Molecular  model  of  a  (10,  10)  SWNT  segment 

In  the  carbon  nanotube,  the  bonding  mechanism  is  similar  to  that  of  graphite  because 
carbon  nanotube  can  be  thought  of  as  a  rolled-up  graphene  sheet.  When  carbon  atoms 
combine  to  form  graphite,  sp2  hybridization  occurs.  In  this  process,  one  s-orbital  and  two 
p-orbitals  combine  to  form  three  hybrid  sp2-orbitals  at  120°  to  each  other  within  a  plane. 
The  in-plane  bond  is  referred  to  as  the  a-bond,  which  is  a  strong  covalent  bond  that 
provides  the  carbon  nanotube  its  high  stiffness  and  strength.  The  remaining  p-orbital  is 
perpendicular  to  the  plane  of  the  a-bonds  and  contributes  mainly  due  to  the  inter-layered 
interaction,  referred  to  as  the  7i-bond,  which  interacts  with  the  7i-bonds  on  the  neighboring 
layer.  However,  the  inter-layer  interaction  of  atom  pairs  on  neighboring  layers  is  much 
weaker  than  the  a-bond.  Based  on  the  electronic  structure  of  carbon  nanotube,  the  force 
field  type  of  carbon  atoms  is  sp2.  In  calculating  potential  energy,  all  the  parameters  of 
carbon  atoms  in  carbon  nanotube  are  based  on  sp2  structure. 

6.2.  Molecular  models  of  EPON  862/DETDA  epoxy  system 

Starting  materials  for  the  EPON  862  epoxy  matrix  (see  Section  2.2)  are  low-molecular- 
weight  organic  liquid  resins  containing  a  number  of  epoxide  groups,  which  are  three- 
membered  rings  of  one  oxygen  atom  and  two  carbon  atoms.  EPON  862  epoxy  resin  is  a 
low-viscosity,  liquid  epoxy  resin  manufactured  from  epichlorohydrin  and  Bisphenol-F. 
The  chemical  structure  of  Shell  EPON  862  epoxy  resin  is  shown  in  Figure  6.2. 
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Epoxide 

groups 


Figure  6.2  Chemical  structure  of  Shell  EPON  862  epoxy  resin 

Energy-minimization  molecular  mechanics  were  performed  to  find  the  morphology  of 
EPON  862  epoxy  resin.  The  chain  of  a  simple  molecule  of  Shell  EPON  862  epoxy  resin 
was  twisted  to  achieve  the  low  potential  energy.  Figure  6.3  clearly  shows  its 
configuration  with  minimum  potential  energy.  With  this  energy,  the  simple  molecule  of 
EPON  862  epoxy  resin  has  the  molecular  size  of  23  A  x  9  A  x6  A. 


Figure  6.3  Molecular  model  of  an  EPON  862  epoxy  resin  under  the  minimum  energy 

To  process  the  nanocomposites,  EPON  862  epoxy  resin  and  EPI-CURE  W  curing  agent 
resin  system  were  cured  for  2.5  hours  at  177°  C,  followed  by  a  177°  C  post  cure  for  two 
additional  hours  to  transform  the  liquid  resin  to  a  solid  state.  The  principle  ingredient  of 
EPI-CURE  curing  agent  is  diethyl  toluene  diamine  (DETDA).  The  nitrogen  content  in  the 
curing  agent  was  15.7%  by  weight.  The  chemical  structure  of  curing  agent  is  shown  in 
Figure  6.4  (a).  Similarly,  the  energy-minimization  molecular  mechanics  were  also 
performed  to  find  the  morphology  of  curing  agent  molecule,  as  shown  in  Figure  6.4  (b). 
Under  the  minimum  energy,  the  DETDA  molecule  has  the  molecular  size  of  6.7  A  x  6.5 

A  x  1.8  A 
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(a)  Chemical  structure  (b)  Molecular  model  under  minimum  energy 


Figure  6.4  DETDA  molecule 

When  processing  nanocomposites,  the  liquid  epoxy  resin  matrix  consisted  of  EPON  862 
resin  and  EPI-CURE  W  curing  agent  (DETDA)  at  a  weight  ratio  of  100:26.4.  The 
molecular  interactions  of  EPON  862  epoxy  resin  and  DETDA  with  the  nanotube  was 
examined  respectively  in  the  project. 

6.3.  Molecular  Interactions  between  SWNTs  and  Resin  Molecules 

When  processing  SWNT/epoxy  nanocomposites,  sufficient  wetting  between  the 
nanotubes  and  the  matrix  polymer  is  critical  for  coupling  the  inherent  strength  of  the 
nanotube  to  the  matrix  polymer.  Intense  attractive  interactions  between  carbon  nanotubes 
and  polymer  molecules  are  essential  for  good  wetting  in  the  nanocomposites. 

To  analyze  the  molecular  interactions  of  EPON  862  molecules  and  carbon  nanotubes,  a 
MD  simulation  was  set  up:  an  EPON  862  epoxy  resin  molecule  was  initially  placed  at  the 
side  of  a  nanotube.  Snapshots  of  the  MD  simulation  are  shown  in  Figure  6.5.  Initially,  the 
chain  of  EPON  862  epoxy  resin  molecule  was  twisted  severely.  One  end  of  the  chain  was 
put  near  the  nanotube’s  wall,  while  the  other  end  was  placed  away  from  the  nanotube. 
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(a)  Side  view  of  the  MD  simulation  results 
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(b)  Cross  sectional  view  of  the  MD  simulation  results 

Figure  6.5  MD  simulation  snapshots  of  the  molecular  interactions  between  EPON  862  molecule 

and  (10,10)  SWNT 
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The  simulation  shows  that  during  the  initial  16ps,  the  molecular  chain  of  the  EPON  862 
resin  stretched  and  moved  toward  the  nanotube.  All  the  atoms  in  the  resin  molecule 
gradually  moved  towards  the  nanotube’s  wall.  After  a  long  equilibration  period  of  lOOps, 
the  resin  molecule  chain  eventually  tended  to  spirally  wrap  on  the  surface  of  the  nanotube. 
The  nanotube  maintained  its  overall  shape,  although  some  distortion  of  its  cross  section 
occurred  during  the  interaction,  as  seen  in  Figure  6.5.  Two  aromatic  rings  of  the  molecule 
finally  orientated  to  align  their  ring  plane  parallel  to  the  SWNT  surface.  The  negative 
interaction  energy  of  the  MD  simulation  indicates  that  the  EPON  862  epoxy  resin 
molecule  moved  towards  the  nanotube’s  surface  due  to  an  attractive  force. 

The  dynamic  interaction  behaviors  can  be  illustrated  by  tracking  the  interaction  energy  of 
the  SWNT/EPON  862  epoxy  resin  system,  as  shown  in  Figure  6.6.  The  negative 
interaction  energy  indicated  that  the  EPON  862  epoxy  resin  molecule  moved  towards  the 
surface  of  nanotube  due  to  an  attractive  force.  Their  interaction  energy  decreased  until  the 
system  reached  the  equilibrium  state.  Consequently,  the  interaction  energy  of  the  SWNT 
and  the  EPON  862  epoxy  resin  molecule  decreased  by  25  kcal/mol. 


Figure  6.6  Interaction  energy  between  SWNT  and  EPON  862  epoxy  resin  molecule 
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6.4.  Molecular  Interactions  between  (10, 10)  SWNT  and  DETDA 

MD  simulations  of  the  interactions  between  SWNT  and  DETDA  molecule  were 
conducted  using  the  same  procedure.  The  DETDA  molecule  was  smaller  than  the  EPON 
862  epoxy  resin  molecule.  The  MD  simulation  of  the  tube/DETDA  interactions  was  set 
up  by  placing  a  DETDA  molecule  near  the  nanotube  wall.  Snapshots  of  the  MD 
simulation  are  shown  in  Figure  6.7(a)  and  (b).  During  the  MD  simulation,  the  DETDA 
molecule  changed  its  orientation  constantly  and  moved  toward  the  nanotube  due  to  their 
attractive  force.  The  distance  between  the  nanotube  and  the  DETDA  molecule  decreased 
until  they  reached  equilibration,  which  also  resulted  in  a  decrease  of  interaction  energy  of 
25  kcal/mol,  as  shown  in  Figure  6.7(c).  The  simulation  also  indicated  that  the  interaction 
of  SWNT/DETDA  achieved  its  equilibrium  state  faster  than  that  of  the  SWNT/EPON 
resin  interactions,  due  to  the  short  molecular  chain  of  DETDA. 


(a)  Side  view  of  the  MD  simulation  results 
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(b)  Cross  sectional  view  of  the  MD  simulation  results 


(c  )  Interaction  energy  between  SWNT  and  DETDA 
Figure  6.7  MD  simulation  of  the  molecular  interactions  between  DETDA  molecule  and  SWNT 

The  MD  simulation  clearly  shows  that  both  EPON  862  and  DETDA  molecules  have 
attractive  interactions  with  (10,  10)  SWNT.  Therefore,  good  wetting  and  interfacial 
bonding  can  be  expected  for  (10,  10)  SWNT  and  EPON  862/DETDA  matrix  composites. 
The  good  tube/resin  matrix  impregnation  and  wetting  shown  in  Sections  2.3  and  2.4 
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agreed  with  that  predicted  results.  The  MD  simulation  was  shown  to  be  an  effective  tool 
to  assess  molecular  interactions  for  developing  nanotube-based  composite  materials. 

6.5.  MD  Simulation  of  SWNT  Pullout  and  Interfacial  Bonding 

In  the  development  of  nanotube  composites,  a  major  concern  is  the  interfacial  bonding 
between  nanotubes  and  the  polymer  matrix.  Interfacial  bonding  is  critical  to  mechanical 
performance  of  SWNT-reinforced  nanocomposite.  A  good  interface  is  required  to  attain  a 
satisfactory  load  transfer  from  the  matrix  to  the  nanotubes  during  loading.  Load  transfer 
depends  on  the  interfacial  shear  stress  between  the  fiber  and  the  matrix.  A  high  interfacial 
shear  stress  will  effectively  transfer  the  applied  load  to  the  SWNT  over  a  short  distance 
and  take  full  advantages  of  high  stiffness  and  strength  of  the  SWNTs.  However,  the  direct 
measurements  of  interfacial  bonding  or  load  transfer  between  SWNTs  and  polymer 
molecules  are  extremely  difficult  because  of  their  nanoscale  dimension. 

In  this  project,  a  simplified  SWNT  pullout  simulation  was  conducted  to  assess  interfacial 
bonding  properties  between  SWNT  and  EPON  862/DETDA  matrix  in  term  of  system 
potential  energy  variation. 

6.5.1.  Molecular  model  of  SWNT/EPON  862  nanocomposites 

When  processing  the  nanotube  composites,  EPON  862  epoxy  resin  and  EPI-CURE  W 
curing  agent  (DETDA)  were  cured  for  2.5  hours  at  177°  C,  followed  by  a  177°  C  post 
cure  for  additional  two  hours  to  transform  the  liquid  resin  to  the  solid  state.  MD 
simulations  were  performed  on  the  cured  epoxy  resins.  This  section  describes  the 
molecular  models  of  the  cured  epoxy  resin  and  resultant  nanocomposite. 

In  the  curing  reaction,  the  hydrogen  atoms  in  the  amine  (-NH2)  groups  of  a  DETDA 
molecule  reacted  with  the  epoxide  groups  of  the  epoxy  resin.  Initially,  one  epoxide  group 
reacted  with  one  curing  agent  molecule.  The  resulting  molecule  of  the  curing  agent 
molecule  further  reacted  with  three  other  epoxy  molecules  at  the  site  of  -HN  and  another 
-NH2,  as  show  in  Figure  6.8. 
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Figure  6.8  Reaction  of  an  epoxide  group  with  a  curing  agent  molecule 

Figure  6.9  shows  the  formation  of  a  cross-link  between  epoxy  resin  and  curing  agent 
molecules.  The  curing  agent  molecule  continued  to  react  with  another  epoxy  molecule  at 
the  site  of  HN  and  formed  cross-link  at  the  atom  N.  The  resulting  molecule  could  further 
react  with  two  curing  agent  molecules  at  the  two  epoxide  groups  and  two  epoxy  resin 
molecules  at  the  site  of  NH2.  As  the  reaction  continued,  the  epoxy  resin  and  curing  agent 
molecules  generated  more  cross-links.  The  cross  links  expanded  in  all  directions  and 
formed  a  3D  cross-link  network  macromolecule,  as  shown  in  Figure  6.10. 
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Figure  6.9  Formation  of  a  cross-link  between  the  epoxy  resin  and  curing  agent 


Heat 

Liquid  EPON  862  epoxy  resin  +  Curing  agent  ► 


Figure  6.10  Formation  of  the  cross-link  of  EPON  862/DETDA  resin  matrix 

Based  on  the  above  analysis  of  the  cross-link  formation,  a  molecular  model  of  a  partial 
cross-link  network  of  the  resin  matrix  was  constructed.  The  energy-minimization  of  the 
model  was  performed.  Figure  6. 1 1  shows  a  morphological  conformation  of  the  cured 
resin  matrix  model  with  minimum  potential  energy.  With  this  energy,  the  cured  epoxy 
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resin  molecule  had  a  molecular  size  of  50  A  x  29  A  x  16  A,  which  is  much  larger  than 
both  individual  resin  and  curing  agent  monomers  as  shown  in  Section  6.3. 


Figure  6.11  Molecular  model  of  the  cured  epoxy  resin  under  the  minimum  energy 

In  the  MD  simulations,  the  periodic  model  of  the  SWNT/EPON  862  nanocomposite 
system  was  used.  Periodic  boundary  conditions  refer  to  the  simulation  of  models 
consisting  of  a  periodic  lattice  of  identical  subunits.  By  applying  periodic  boundaries  to 
simulations,  the  influence  of  bulk  environments  can  be  included,  thereby  improving  the 
rigor  and  realism  of  a  model.  Therefore,  the  properties  of  a  small,  infinitely  periodic 
system  and  the  macroscopic  system  are  essentially  the  same. 

To  simulate  the  interfacial  bonding  interactions  between  the  nanotube  and  epoxy  resin 
matrix,  a  nanocomposite  model  was  composed  of  a  fragment  of  SWNT  (10,  10)  totally 
embedded  inside  the  amorphous  polymer  matrix  of  the  cured  epoxy  resin,  as  shown  in 
Figure  6.12.  This  molecular  model  of  the  nanocomposite  includes  21,288  atoms,  which 
consists  of  a  supercell  in  the  range  of  50  A  x  50  A  x  100  A.  The  configuration  was 
initiated  by  randomly  generating  the  cured  epoxy  resin  molecules  surrounding  the  SWNT 
using  an  initial  density  of  1.2  g/cm3.  The  matrix  polymer  was  then  equilibrated  for 
approximately  20  ps  with  a  time  step  of  0.2  fs  while  holding  the  nanotube  rigid.  The 
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system  was  further  equilibrated  for  60  ps  at  a  time  step  of  2  fs  with  a  non-rigid  nanotube. 
The  energy  of  the  SWNT/epoxy  nanocomposite  system  was  minimized  during  the 
calculations  to  achieve  strongest  bonding  between  the  SWNT  and  the  epoxy  resin  matrix. 


(a)  top  view 


(b)  section  view 


Figure  6.12  Molecular  model  of  the  SWNT/epoxy  nanocomposite 

6.5.2.  MD  simulation  of  tube  pullout  of  the  nanocomposites 


The  final  mechanical  properties  of  nanotube-reinforced  nanocomposites  are  known  to 
strongly  depend  on  the  magnitude  of  interfacial  shear  stress  between  resin  matrix  to 
nanotubes.  To  characterize  the  interfacial  shear  strength  of  the  SWNT/EPON  862 
composites,  a  tube  pullout  simulation  of  the  established  nanocomposite  model  was 
performed.  The  SWNT  was  pulled  out  from  the  cured  resin  matrix  along  the  tube  axis 
direction  Z.  Snapshots  of  the  pullout  simulations  are  shown  in  Figure  6.13. 
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Figure  6.13  MD  simulation  snapshots  of  the  SWNT  pullout 


The  potential  energy,  interaction  energy  and  interfacial  bonding  energy  of  the  composite 
were  plotted  against  the  displacement  of  the  SWNT  from  the  epoxy  resin,  as  shown  in 
Figure  6.14.  The  potential  energy  of  the  SWNT-epoxy  resin  composite  increased  as  the 
nanotube  was  pulled  out  of  the  epoxy  resin,  as  shown  in  Figure  6.14  (a).  The  total 
potential  energy  increased  faster  at  the  early  stage  of  pullout,  whereas  it  went  up  slower 
in  the  subsequent  pullout.  In  fact,  the  increase  of  pullout  energy  resulted  from  the 
decrease  of  the  interaction  energy  of  the  tube/resin  matrix  during  tube  pullout.  The 
interaction  energy  decreased  due  to  the  decrease  of  contact  area  during  the  pullout.  The 
potential  energy  of  the  SWNT  and  the  epoxy  resins  increased  due  to  the  change  of  their 
configurations  during  the  pullout.  However,  the  interaction  energy  changed  with  the 
displacement  linearly,  as  shown  in  Figure  6.14  (b).  This  is  due  to  the  stable  interfacial 
bonding  interaction  between  the  SWNT  and  epoxy  resins.  The  interfacial  bonding  energy 
kept  constant  with  a  value  of  0.1  kcal/mol-A2  during  the  pullout  of  the  SWNT,  as  shown 
in  Figure  6.14  (c). 
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Figure  6. 14  Energy  plots  during  the  pullout  of  the  SWNT 


152 


6.5.3.  Interfacial  shear  stress 

£ 

The  pullout  energy,  pullou‘ ,  is  defined  as  the  energy  difference  between  the  fully 
embedded  nanotube  and  the  complete  pullout  configuration  [16].  Pullout  energy  can  be 

related  to  the  interfacial  shear  stress,  ‘ ,  by  the  following  relation: 

Epuno»,  =  £  2nr(L -  x)Ti(ix  =  nrT,  L2 


E 

_  pullout 

mil 


(6.17) 


where  r  and  L  are  the  radius  and  length  of  the  nanotube,  respectively,  and  x  is  the 
displacement  of  the  nanotube.  At  the  initial  stage  of  pullout,  the  potential  energy  of  the 
composite  was  152,665  kcal/mol.  After  pullout,  the  potential  energy  increased  to  154,951 
kcal/mol.  The  interfacial  shear  stress  estimated  from  the  molecular  simulation  was  about 
75  MPa. 


For  comparison,  the  Kelly-Tyson  model  was  used  to  approximate  the  interfacial  shear 
strength  [17-19].  By  assuming  that  the  applied  stress  was  transferred  to  the  nanotube  via 
a  nanotube-polymer  interfacial  shear  mechanism  at  the  molecular  level,  the  nanotube- 

epoxy  resin  interfacial  shear  strength  can  be  calculated  as  follows: 


T  = 


_OjM_  , 

2(/c/7V)X 


(6.18) 


where  <7w(^)  js  the  tensile  strength  of  the  nanotube  of  length  ^c,  ^OTand  Dnt  are  the 

inner  and  outer  diameters  of  the  nanotube,  respectively,  is  the  critical  length  of  the 

nanotube,  and  lc  1  Dnt  is  the  critical  aspect  ratio  of  the  composite.  The  interfacial  shear 
stress  was  calculated  with  a  critical  aspect  ratio  of  1,000.  The  SWNT  (10,  10)  had  an 
outer  diameter  of  1.36  nm  and  a  wall  thickness  of  0.34  nm  [16].  If  assuming  the  strength 

value  of  SWNT  to  be  100-200  GPa,  we  found  the  stress  transfer  ability  T  of  the  SWNT- 
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polymer  interface  should  be  in  the  range  of  38-75  MPa.  The  interfacial  shear  strength 
value  of  75  MPa  from  the  MD  simulations  falls  into  the  upper  range  of  the  Kelly-Tyson 
model. 

The  estimated  interfacial  shearing  strength  is  also  about  20%~80%  higher  than  that  of 
most  carbon  fiber  reinforced  composites.  Such  high  interfacial  shear  stress  could  be 
attributed  to  high  surface  area/volume  ratio  of  well -dispersed  individual  SWNTs 
embedded  in  the  resin  matrix.  However,  SWNTs  try  to  form  ropes  or  bundles  of  20-50 
individual  tubes  in  current  nanotube  composites  due  to  their  smooth  surface  and  van  der 
Waals  interactions  (see  Chapters  2,  3  and  4).  This  dramatically  reduces  resin/tube  contact 
area  in  composites  and  largely  reduces  the  shearing  strength  or  load  transfer  between 
tubes  and  resin  matrix. 

6.6.  Conclusions 

In  this  study,  MD  simulations  were  used  to  understand  and  assess  the  molecular 
interactions  during  tube/resin  wetting  and  interfacial  bonding  of  the  resultant 
SWNT/epoxy  resin  composites.  The  simulation  results  show  that  the  molecules  of  EPON 
862  and  DETDA  will  change  the  molecular  conformation  and  try  to  align  their  aromatic 
ring  parallel  to  the  surface  of  (10,  10)  SWNTs.  As  a  result,  these  molecules  could  stretch 
and  wrap  on  the  surface  of  the  SWNTs.  The  simulation  results  show  that  the  interfacial 
shear  strength  could  be  as  high  as  75Mpa  for  a  single  SWNT  pullout  from  the  cured  resin 
matrix  in  the  SWNT/EPON  862  resin  nanocomposites  due  to  only  van  der  Waals 
interactions.  Based  on  the  MD  simulations,  good  wetting  and  impregnation  of 
SWNT/EPON  862  resin/EPI-CURE  W  curing  agent  system  can  be  expected.  The 
experimental  results  in  Chapter  2  agreed  with  these  predicted  results,  which  preliminarily 
validated  the  MD  simulation  results. 
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7.  Functionalization  of  SWNTs  for  Enhancing  Dispersion  and 

Interfacial  Bonding 


Mechanical  properties  of  current  SWNT-reinforced  nanocomposites  are  far  below  what 
we  anticipated,  possibly  due  to  poor  dispersion,  lack  of  alignment  and  weak  interfacial 
bonding  between  nanotubes  and  resin  matrix,  as  mentioned  in  Section  1.2.  Improving 
tube  dispersion  and  interfacial  bonding  is  becoming  a  critical  issue  for  developing 
SWNT-reinforced  nanocomposites. 

Besides  using  solvents  and  surfactants,  chemical  modification  and  functionalization  are 
reported  to  be  feasible  and  effective  methods  for  improving  the  solubility  and  dispersion 
of  nanotubes  in  resin  matrix.  In  addition,  functionalized  nanotubes  can  provide  chemical 
bonding  sites  to  polymer  matrix  so  that  the  load  can  be  transferred  to  the  nanotubes 
through  chemical  bonding. 

In  this  project,  a  preliminary  study  was  conducted  to  investigate  the  functionalization  of 
SWNTs  for  enhancing  dispersion  and  interfacial  bonding  in  casting  composite  samples. 
Two  methods,  oxidization  and  molecular  wrap,  were  used  in  this  project  for 
functionalizing  SWNTs. 

7.1.  Oxidation  of  SWNTs 

By  oxidizing  SWNTs,  the  end-caps  of  SWNTs  can  be  opened  and  terminated  with  the 
oxygenated  functionalities  including  carboxylic,  carbonyl  and  hydroxyl  groups  [1-4].  IR 
spectrum  results  also  show  the  existence  of  carboxylic  acid  and  quinone  groups  on  the 
nanotubes  surface  prior  to  heating  above  623K  for  the  oxidized  SWNTs  in  the  air. 

Oxidized  nanotubes  have  better  solubility  and  can  form  well-dispersed  electrostatic 
stabilized  colloids  in  water  and  ethanol.  For  functionalizing  nanotubes,  SWNT  ropes 
were  reported  to  be  largely  exfoliated  into  individual  nanotubes  with  significantly 
improved  solubility  in  organic  solvents.  Furthermore,  carboxylic  acid  groups  can  undergo 
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easterification  reactions  with  the  epoxy.  Some  cross-link  between  tubes  and  resin  matrix 
may  take  place  during  composites  curing. 

Oxidation  treatment  of  nanotubes  can  be  generally  divided  into  two  groups:  gas  phase 
and  liquid  phase  oxidation  [5-18].  Some  examples  of  gas  phase  oxidation  are  listed  in 
Table  7.1. 


Table  7-1  Gas  phase  oxidization 


Gas 

Phase 

Procedure 

o2 

Raw  material  of  tubes  was  treated  with  O2  gas  at  300°C  for  30  min  to  eliminate 
the  carbon  shell  surrounding  metal  particles  and  oxidized  tubes. 

o3 

Carbon  nanotubes  were  placed  in  a  chamber.  Ozone  was  generated  and  purified 
by  special  apparatus.  O3  can  be  used  alone  or  mixed  with  02.  Carbon  nanotubes 
can  be  oxidized  by  03for  30-90  min  at  room  temperature  or  heated  to  150- 
200°C. 

H2SO4  and  HNO3  can  be  easily  permeated  through  the  graphene  sheets  to  create  defects 
or  pores  in  graphene  sheets.  Some  examples  of  liquid  phase  oxidization  are  summarized 
in  Table  7.2. 


Table  7-2  Liquid  phase  oxidization 


Liquid  Phase 

Procedure 

KMn04/H2S04 

SWNTs  were  first  refluxed  in  alkalescent  solution  of  potassium 
permanganate  (0.2M  KMn04  and  0.2  M  NaOH). 

Na2S03  was  added  by  stirring,  followed  by  an  addition  of  M  H2S04. 
The  obtained  solution  was  filtered  with  a  membrane  under  vacuum 
in  dilute  NaOH  and  then  deionized  water.  In  the  final  step  rinsing, 
diluted  HC1  was  added. 

H2O2/H2O4 

Carbon  nanotubes  were  suspended  in  H202/H2S04,  then  reacted  at 
room  temperature  for  24  hours  under  stirring. 

HNO3 

Purified  SWNTs  was  refluxed  in  2.6M  HNO3  for  48h.  The  solid  was 
collected  on  a  membrane  and  rinsed  with  deionized  water. 

HN03:H2S04=1:  3 

The  raw  carbon  nanotubes  were  oxidized  in  a  mixed  solution  of 

HNO3  and  H2S04  (1:3  by  volume),  followed  by  filtering  onto  a  glass 
filter  and  washing  with  distilled  water,  then  the  black  product  was 
heated. 

The  sidewalls  of  the  SWNTs  possess  a  chemical  stability  akin  to  that  of  the  basal  plane  of 
graphite.  The  chemistry  available  for  modifying  the  nanotube  sidewalls  without 
disrupting  the  tubular  structure  is  significantly  more  restrictive.  Using  the  technology 
developed  in  the  fluorination  of  graphite  and  fullerences,  some  researcher  reported  the 
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chemical  manipulation  of  the  carbon  nanotubes  sidewalls  by  fluorinating  and 
defluorinating  process.  The  fluorination  agent  was  the  element  fluorine  in  their 
experiments.  For  example,  Mickelson  et  al.  [19]  placed  approximately  1  mg  of 
fluorinated  nanotubes  into  a  vial  containing  approximately  10  ml  of  alcohol  solvent  and 
sonicated  for  approximately  10  minutes.  Sonication  was  performed  by  partially 
immersing  the  capped  vial  in  an  ultrasonic  cleaner  operating  at  55kHz.  The  solved 
fluorotubes  were  then  dispersed  on  a  clean  mica  surface  by  means  of  a  3000  rpm  rotary 
spinner  and  examined  with  AFM.  They  found  fluorinated  carbon  nanotubes  could  form  a 
stable  solution  in  alcohol  and  solvated  as  individual  tubes.  This  may  be  due  to  the 
formation  of  hydrogen  bonding  between  the  alcohol’s  hydroxyl  hydrogen  and  the 
nanotube-bound  fluorine.  By  using  various  defluorinating  processes,  other  functional 
groups  containing  oxygen  element  can  more  easily  be  created  on  the  sidewalls  of  SWNTs. 

7.2.  Noncovalently  Functionalization 

The  use  of  polymer  molecular  wrapping  on  SWNTs  is  called  noncovelent 
functionalization.  Polymer  wrapping  functionalization  usually  use  a  type  of  conjugated 
polymer,  such  as  poly(m-phenylenevinylene)-co-[(2,5-dioctyloxy-p-phenylene)  -vinylene] 
(PmPV)  [20,-21],  poly(p-phenylenevinylene)  (PPV)  [41-42],  poly(p-phenylenevinylene- 
co-2,5-dioctyloxy-m-phenylenevinylene)  (PmPV-co-DOctOPV)  [22],  poly 
(vinylpyrrolidone),  polystyrene  sulfonate  [23]  and  Gum  Arabic  [24].  These  polymers 
have  strong  molecular  interactions  with  carbon  nanotubes  that  effectively  break  up  the 
ropes  into  single  tubes  or  make  SWNTs  soluble  in  suspensions.  The  loading  transfer 
between  tubes  and  resin  matrix  can  also  be  improved  if  the  wrapping  molecules  have 
strong  interactions  or  form  chemical  bonding  with  the  resin  matrix.  The  advantage  of 
such  noncovalently  functionalization  of  tubes  is  to  avoid  damaging  the  unique  electronic 
and  molecular  structures  of  the  tubes,  which  could  harm  the  nanotube’s  mechanical, 
thermal  and  electronic  properties. 
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7.3.  Experiments  of  SWN  Functionalization 

In  this  project,  oxidization  and  Gum  Arabic  wrapping  of  SWNT  were  conducted  to 
enhance  tube  dispersion  and  interfacial  bonding  in  EPON  862  resin  matrix 
nanocomposites.  The  composite  samples  of  the  functionalized  SWNTs  were  fabricated 
using  the  direct  mixing  and  casting  method. 

7.3.1.  Oxidization  of  nanotubes 

To  achieve  a  better  bonding  between  nanotubes  and  matrix,  the  purified  SWNTs 
BuckyPearls  (see  Chapter  2)  were  oxidized  by  chemically  treating.  Through  oxidization, 
functional  groups  are  expected  to  form  around  the  end-cap  of  the  SWNTs,  as  shown  in 
Figure  7.1,  which  can  enhance  tube  dispersion  and  form  chemical  bonding  in  epoxy  resin 
matrix. 


Carbonyl  Group 


OH 

Carboxyl  Group 

Figure  7.1  Possible  functional  groups  formed  during  tube  oxidization 

To  fabricate  oxidized  nanotubes,  500mg  SWNTs  were  added  to  250ml  mixed  solution  of 
H2SO4  and  HNO3  (high  concentration  acids  from  Fisher  Scientific  Inc.)  at  a  mixing  ratio 
of  H2SC>4:HN03=3:1.  The  tube/acid  suspension  was  stirred  for  15  minutes  and  refluxed 
for  12  hours  at  room  temperature.  Then  100ml  IN  HC1  was  added  into  the  as-prepared 
suspension  and  stirred  for  30  minutes.  NaOH  was  added  gradually  until  the  solution 
achieved  PH=5.  A  filter  was  used  to  filtrate  the  suspension  to  form  a  buckypaper,  which 
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was  then  washed  several  times  with  distilled  water  to  remove  the  residual  chemicals  and 
then  dried  in  a  vacuum  at  80°C. 

The  AFM  images  of  both  pristine  and  oxidized  SWNTs  are  shown  in  Figures  7.2  and  7.3, 
respectively.  Compared  to  the  pristine  SWNTs,  the  oxidized  SWNTs  were  “acid  cut” 
after  the  oxidizations.  The  length  is  obviously  shorter  than  pristine  SWNTs.  The  Raman 
spectrums  of  pristine  SWNTs  and  the  oxidized  SWNTs  are  shown  in  Figure  7.4.  Those 
peaks  below  350cm- 1  are  the  key  peaks  for  pristine  SWNTs.  They  relate  to  the  unique 
molecular  structure  of  SWNTs.  For  the  oxidized  SWNTs,  peaks  A,  B,  C  and  D 
disappeared,  indicating  that  the  SWNTs  were  over  oxidized  in  the  experiment  and  the 
unique  structure  of  SWNTs  was  damaged.  This  may  greatly  decrease  the  unique 
mechanical  and  electrical  properties  of  SWNTs  and  decrease  the  reinforcement  efficiency. 

Modification  of  the  oxidization  procedure  is  needed.  A  modified  oxidization  procedure 
was  used  in  the  experiment  for  reducing  oxidization  time,  as  shown  in  Figure  7.5. 

5.00 


7.50 


0 

0  2.50  S.OO 

pm 

Figure  7.2  AFM  images  of  the  pristine  SWNTs 
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Figure  7.3  AFM  images  of  the  oxidized  SWNTs 


Figure  7.4  Raman  spectrums  of  pristine  SWNTs  and  oxidized  SWNTs 
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I 


500mg  SWNT 


SWNT  was  added  in  to  250ml 
solution  (H2S04:HN03=1:3) 
and  stirred  for  15  min.  And  bath 
sonication  for  1  h. 


Add  100ml  IN  HC1  in  to  the  as- 
prepared  supension  and  stir  it  for 
30  min. 


Add  NaOH  into  the  as-prepared 
suspension  until  the  PH  value  is 
5. 


Use  filter  to  filtrate  SWNT 
suspension,  and  use  distilled 
water  to  wash  it  several  times. 


Figure  7.5  Modified  procedure  for  SWNT  oxidization 

Figure  7.6  shows  the  Raman  spectrum  of  the  oxidized  SWNTs  using  the  improved 
procedure.  All  the  peaks  below  350  remain,  yet  had  5cm'1  shift  to  high  wave  number. 
This  means  the  SWNTs  structure  underwent  only  a  slight  change  because  of  oxidation. 
The  AFM  images  of  SWNTs  oxidized  by  the  improved  procedure  are  shown  in  Figure 
7.7,  demonstrating  the  new  oxidation  method  does  not  damage  the  SWNTs  structure  as 
occurred  in  the  previous  oxidation  method.  The  improved  oxidation  method  was  used  for 
preparing  the  oxidized  SWNTs  for  the  nanocomposite  fabrication  in  this  research. 
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Figure  7.6  Raman  spectrums  of  pristine  SWNTs  and  oxidized  SWNTs  using  modified  procedure 

1.00 

0.75 

0.50 

0.25 

0 

Figure  7.7  AFM  images  of  the  oxidized  SWNTs  using  modified  procedure 

7.3.2.  Gum  Arabic  wrapping  SWNT 

GA  (Gum  Arabic)  polymer  is  a  good  surfactant  for  aqueous  SWNT  suspensions.  This 
means  that  GA  has  strong  interactions  with  SWNTs.  The  MWn  of  GA  is  about  250,00 
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and  the  MWw  is  about  580,000.  Its  DPn  is  about  1,550  and  its  DPw  is  about  3,600.  GA 
molecules  can  wrap  around  the  nanotubes.  Gum  Arabic  is  75%  Arabinogalactan  and  20% 
is  a  Arabinogalactan-protein  complex.  The  main  function  group  of  Arabinogalactan  and 
protein  is  amine  (-NH),  which  can  react  with  epoxy  function  group.  Therefore,  GA 
molecular  can  form  mechanical  links  with  SWNTs  and  chemical  links  with  epoxy  resin. 
GA  molecules  may  form  a  bridge  between  SWNTs  and  epoxy  resin  to  improve  tube 
dispersion  and  properties  of  SWNTs/epoxy  composites. 

Preparation  of  the  GA  wrapped  SWNTs  is  relatively  simple.  In  the  experiment,  SWNTs 
and  Gum  Arabic  were  added  to  distilled  water.  Gum  Arabic  was  5  times  the  weight  of 
SWNTs.  The  suspension  was  sonicated  for  24  hours  with  the  Sonicator  3000  at  12W  (see 
Chapter  2).  The  as-prepared  solution  was  placed  into  an  at  80°  C  oven  to  dry.  Figure  7.8 
shows  the  Raman  spectrums  of  pristine  SWNTs  and  GA  wrapping  SWNTs.  All  peaks 
shifted  2cm'1  to  higher  wave  number.  The  relative  height  of  peaks  A  and  B  also  changed. 
For  pristine  SWNTs,  peak  A  is  obviously  lower  than  peak  B.  For  GA  wrapped  SWNTs, 
peaks  A  and  B  were  almost  the  same  height.  The  Raman  results  indicate  that  molecular 
interactions  exist  between  GA  and  SWNTs.  Figure  7.9  shows  the  SWNTs  wrapped  by 
GA  molecules.  The  diameter  of  GA  wrapping  SWNTs  was  obviously  larger  than  pristine 
SWNTs,  as  shown  in  Figure  7.2. 
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Figure  7.8  Raman  spectrums  of  pristine  SWNTs  and  GA  wrapped  SWNTs 


Figure  7.9  AFM  image  of  GA  wrapped  SWNTs 
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7.4.  Fabrication  of  the  Functionalized  SWNT-Reinforced  Nanocomposites 

Compression  molding  was  used  to  fabricate  the  casted  nanocomposite  samples  of  the 
functionalized  SWNTs.  The  procedure  for  manufacturing  the  samples  is  described  as 
follows: 

1.  SWNTs  were  added  into  the  hardener  EPI  Cure  W,  Shell  Chemicals  (see  Section 
2.2)  and  the  mixture  was  sonicated  at  12W  using  the  Sonicator  3000,  for  1.5  hours 
to  disperse  the  tubes  in  the  hardener. 

2.  EPON  862  resin  was  mixed  with  some  acetone  to  reduce  the  viscosity  of  resin. 
Then  the  mixture  of  the  SWNT  and  hardener  was  added  into  resin  solution  and 
sonicated  at  66W  for  1.5  hours  to  disperse  the  tubes  in  the  resin/hardener  mixture. 

3.  The  produced  mixture  was  put  in  a  vacuum  oven  under  full  vacuum  to  evaporate 
the  acetone  and  degas  bubbles.  The  mixture  was  then  cast  into  the  sample  mold 
and  vacuumed  again,  with  the  temperature  remaining  at  60°C  to  reduce  the 
viscosity  of  the  mixtures  for  degassing. 

4.  The  samples  were  cured  at  355  °F  (177  °C  )  for  2.5  hours  under  145-200  psi. 

5.  The  samples  were  post  cured  in  the  oven  at  355  °F  (177  °C)  for  2.5  hours. 

6.  The  nanocomposite  samples  of  lwt  %  functionalized  SWNTs  were  produced  for 
DMA  and  SEM  testing.  The  control  samples  of  the  neat  resin  and  pristine 
SWNT/EPON  862  were  also  manufactured  in  the  research  using  the  same 
procedure. 

7.5.  DMA  and  SEM  Tests 

Dynamic  mechanical  properties  of  the  produced  samples  were  characterized  by  using 
dynamic  mechanical  analyzer  DMA2980  (see  Section  5.1).  The  test  mode  was  the  film 
tension  mode.  Test  temperature  was  from  room  temperature  to  300°C  at  5°C/min.  The 
frequency  was  1Hz.  The  nanostructure  of  the  produced  samples  were  characterized  with 
Scanning  Electron  Microscope  (Joel  6400F,  Joel  Co.) 
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7.6.  Results  and  Discussions 


The  DMA  results  of  the  SWNT  nanocomposiste  and  the  neat  resin  samples  are  provided 
in  Figure  7.10  and  the  results  are  summarized  in  Table  7.3.  The  SWNT  loading  of  all 
nanocomposite  samples  was  lw/w%. 


(a)  Storage  modulus 


Figure  7.10  DMA  results  of  the  nanocomposites  of  the  functionalized  SWNTs 
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Table  7-3  DMA  results  of  functionalized  SWNT  nanocomposites 


Type  of  SWNTs 

StorageModulus  (MPa) 

Tg  (°C) 

Modulus  Increase  (%) 

Neat  Resin 

2498 

176.28 

- 

Pristine  SWNT 

2782 

167.65 

11.37 

Oxidized  SWNT 

2347 

165.0 

-4.0 

GA  wrapped  SWNT 

3042 

147.79 

21.78 

The  nanocomposites  of  the  GA  wrapped  SWNTs  had  the  largest  modulus  increase,  yet 
also  had  the  largest  Tg  decrease.  As  described  earlier,  GA  is  a  type  of  polymer  molecule. 
GA  molecules  can  wrap  around  tubes  and  enhance  tube  dispersion  [24].  The  main 
function  group  of  GA  is  amine  (-NH),  which  can  react  with  epoxy  function  group  to  form 
a  chemical  bonding  with  the  epoxy  resin  matrix.  Therefore,  GA  in  the  nanocomposite  can 
have  strong  molecular  interactions  with  the  SWNTs  and  can  also  chemically  bond  with 
the  resin  matrix.  GA  can  be  considered  as  load  transfer  bridge  between  the  tubes  and 
resin  matrix.  This  will  improve  the  interfacial  bonding  between  SWNTs  and  epoxy  resin 
and  result  in  better  load  transfer  efficiency.  Better  load  transfer  will  lead  to  a  higher 
mechanical  properties  of  composites.  The  noncovalent  functionalization  of  molecular 
wrapping  can  avoid  tube  damages.  This  also  contributes  to  higher  mechanical  properties 
of  the  GA  wrapped  SWNT  nanocomposites.  However,  the  GA  molecules  also  have  long 
molecular  chains,  which  wrap  the  surface  SWNTs  (see  Figure  7.10)  and  may  form  a  layer 
of  plasticizer.  This  could  result  in  a  decrease  in  Tg. 

The  oxidized  SWNT  nanocomposites  did  not  show  any  property  improvements  as 
expected.  The  further  optimization  of  oxidization  process  for  avoiding  tube  damage  may 
be  the  key  for  nanocomposite  applications.  For  the  pristine  SWNT-reinforced  samples,  a 
11.37%  storage  modulus  increase  and  a  9°C  Tg  decrease  was  seen.  The  addition  of  the 
SWNTs,  including  both  pristine  and  functionalized  tubes,  showed  a  negative  effect  on  the 
Tgs  of  the  samples. 

Figure  7. 1 1  shows  the  fracture  surface  of  the  EPON  862  neat  resin  sample.  The  fracture 
surface  of  the  neat  resin  was  smooth  and  presents  the  patterns  of  the  quick  crack 
propagation.  It  indicates  the  failure  mode  is  a  brittle  fracture. 
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Figure  7.1 1  Fracture  surface  of  the  neat  resin  sample 

Figure  7.12  shows  the  SEM  images  of  l%wt  pristine  SWNT/EPON  862  nanocomposites. 
The  feature  of  “river-marking”  was  observed  in  the  fracture  surface.  These  river- 
markings  occurred  as  a  result  of  crack  deflections  and  subsequent  propagation  on  two 
slightly  different  fracture  planes.  Therefore,  the  fracture  surface  was  rough.  This  may 
suggest  that  propagation  of  the  cracks  has  been  impeded  and  forced  to  frequently  change 
directions.  As  a  result,  the  fracture  surface  becomes  rough,  as  shown  in  Figures  7.13  (a) 
and  (b).  This  effect  may  enhance  the  fracture  toughness  of  nanocomposites.  This  also 
indicates  that  the  failure  mode  is  a  tough  fracture.  The  pristine  SWNTs  were  dispersed  in 
the  resin  but  some  tube  aggregations  can  still  be  seen,  as  shown  in  Figures  7.13  (c)  and 
(d). 


(a) 


(b) 
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(C)  (d) 

Figure  7.12  Fracture  surface  and  tube  dispersion  of  lwt%  pristine  SWNT/EPON  862 

nanocomposites 


The  SEM  images  of  l%wt  oxidized  SWNT/EPON  862  nanocomposites  are  provided  in 
Figure  7.13.  From  all  images,  the  pattern  of  fracture  surface  has  many  parallel  cracks,  and 
the  fracture  surface  does  not  look  rough,  as  seen  in  Figure  12.  This  may  be  due  to  damage 
of  the  tubes  or  possible  good  interfacial  bonding  by  functionalization  of  nanotubes. 
Neither  tubes  pullout  nor  aggregation  could  be  observed.  Only  very  short  SWNTs  (small 
white  particles  in  the  pictures)  could  be  seen  separately  in  the  local  region,  which  may 
indicate  good  tube  dispersion  by  using  the  oxidized  nanotubes.  However,  the  smaller 
aspect  ratio  of  the  oxidized  tubes  may  be  the  primary  reason  for  lower  mechanical 
properties  of  the  resultant  nanocomposites. 
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Figure  7.13  Fracture  surface  and  tube  dispersion  of  lwt%  oxidized  SWNT/EPON  862 

nanocomposites 


Figure  7.14  shows  the  fracture  surface  of  lwt%  GA  wrapped  SWNT/EPON862 
nanocomposites.  In  Figures  7.14  (a)  and  (b),  the  fracture  surface  does  not  look  very  rough. 
Figure  7.14  (c)  shows  that  the  wrapped  tubes  were  dispersed  in  the  resin  but  some  tube 
aggregation  can  still  be  seen.  A  large  number  of  pullouts  of  tubes  to  bridge  the  cracks  can 
be  seen  in  Figure  7.14  (d),  which  is  a  strong  indication  of  good  tube  bonding  and  load 
transfer  in  the  resin  matrix.  As  seen  in  Figure  7.14  (d),  the  GA  wrapped  SWNTs  have 
good  adhesion  at  the  roots  of  the  pullouts.  This  good  interfacial  bonding  and  elimination 
of  tube  damages  from  the  tube  functionalization  of  GA  wrapping  contribute  to  the  visible 
increase  of  the  nanocomposite  mechanical  properties  in  the  research. 


(a) 


(b) 
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(C)  (d) 

Figure  7.14  Fracture  surface  and  tube  dispersion  of  lwt%  GA  wrapped  SWNT/EPON  862 

nanocomposites 


7.7.  Conclusions 

A  preliminary  study  was  conducted  to  investigate  the  functionalization  of  SWNTs  for 
enhancing  dispersion  and  interfacial  bonding  in  casting  composite  samples.  Two  methods, 
oxidization  and  GA  molecular  wrapping,  were  used  in  this  project  for  functionalizing  the 
SWNTs.  The  influences  of  the  functionalization  on  tube  geometry  and  chemical 
structures  were  analyzed  by  AFM  and  Raman  spectrum  analysis.  The  damages  of  the 
tube  structure  during  oxidization  were  observed.  Casted  nanocomposites  of  lwt%  pristine 
and  functionalized  tubes  were  produced.  DMA  results  show  that  the  storage  moduli  of  the 
pristine  and  GA  wrapped  SWNTs  nanocomposite  increased  11.37%  and  21.87%, 
respectively,  compared  to  that  of  the  neat  resin  sample.  However,  the  oxidized  nanotube 
composites  showed  a  4%  storage  modulus  decrease.  The  influences  of  tube 
functionalization  on  dispersion  and  interfacial  bonding  were  examined. 
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8.  Prototype  of  Manufacturing  Process  for  Buckypaper/Foam  Wing 

Structure 


For  this  project,  a  subscale  prototype  LOCAAS  extensional  wing  structure  using  the 
developed  SWNT  buckypaper-reinforced  nanocomposite  technology  was  fabricated  to 
demonstrate  the  feasibility  of  manufacturing  composite  structures 
using  the  developed  technique. 

8.1.  Structure  Design 

The  concept  of  LOCAAS  extensional  wing  structure  is  shown  in  Figure  8.1.  LOCAAS 
will  provide  an  extra-long  patrol  time  of  the  missile  to  acquire  and  strike  high  value 
targets.  Figure  8.2  shows  the  structural  design  and  material  selection  for  manufacturing 
the  subscale  wing  structure.  In  the  design,  the  unidirectional  (UD)  carbon  fiber  frame  and 
structural  foam  core  provide  stiffness  for  the  structure.  The  thin  skin  of  two-layer 
buckypaper/epoxy  composites  on  the  wing  surface  provides  lightweight,  additional 
strength  for  the  structure. 


tetkl  6  It 


Nanotube 
Skin  ' 


UD  Carbon 


Fiber  Frame 


Figure  8. 1  Concept  of  the  extensional  wing  design 
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Figure  8.2  Structure  design  and  material  selection 
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8.2.  Development  of  the  Manufacturing  Process 


Using  room  temperature  curing  epoxy  resin  (Western  105),  the  wing  structure  was 
manufactured  with  a  vacuum  bagging/co-curing  method.  Since  the  wing  structure  has  a 
symmetric  geometry,  to  simplify  the  manufacturing  process,  the  wing  was  fabricated  in 
two  halves  separately  along  its  symmetric  plane,  and  then  the  halves  were  bonded 
together  to  form  the  wing  structure.  The  geometry  of  the  wing  structure  was  designed  and 
provided  by  Lockheed  Martin  Missiles  and  Fire  Control  -  Orlando.  A  steel  mold  was 
designed  and  manufactured  using  a  CNC  machine,  as  shown  in  Figure  8.3.  The  three- 
piece  mold  design  allows  for  demolding  easily,  since  the  buckypaper/epoxy  skin  is  very 
thin. 


Figure  8.3  Design  and  the  manufactured  steel  mold 

The  ROHACELL  PMI  structure  foam  (2.0  lbs./cu.  Ft)  was  selected  to  manufacture  the 

core  for  the  fabrication  of  the  wing.  The  foam  was  machined  to  the  desired  geometry  with 
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a  CNC  machine.  The  conduits  for  positioning  unidirectional  carbon  fiber  frames  were 
also  machined  out  on  the  foam  core  structures. 

The  procedure  of  the  wing  manufacture  involved  several  steps.  The  resin-impregnated 
carbon  fiber  tows  were  laid  into  the  conduits  on  the  foam  core  structure  according  to  the 
design  requirement,  as  shown  in  Figure  8.4.  Then,  the  epoxy  resin  wet  the  produced 
randomly  oriented  buckypapers  (Chapters  2  and  3)  and  placed  on  the  surface  of  the  foam 
core  with  UD  carbon  fiber  frames.  Finally,  a  vacuum  bag  was  used  for  co-curing  the  UD 
carbon  fiber  frame  and  resin-impregnated  buckypaper  on  the  foam  core  to  make  the  final 
integrated  sandwich  structure,  as  shown  in  Figure  8.5.  The  wing  structure  was  cured 
overnight  at  room  temperature. 


Figure  8.4  Foam  core  with  UN  carbon  fiber  frames  Figure  8.5  Vacuum  bag  processing 

8.3.  Final  Wing  Structures 

Figure  8.6  shows  the  final  wing  structure  fabricated  in  the  project.  The  finished  wing 
structure  has  a  very  good  surface  quality  and  the  thin  (~  120  microns)  buckypaper/epoxy 
skin  completely  cover  the  foam  core  surface  and  form  the  lightweight  sandwich  structure. 


178 


(a)  Top  view  of  the  wing  structure 
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(b)  Side  view  of  the  wing  structure 
Figure  8.5  Finished  wing  structure 


8.4.  Conclusions 

The  subscale  extensional  sandwich  structure  demonstrating  the  feasibility  of  using 
buckypaper/epoxy  resin  nanocomposites  was  successfully  fabricated.  The  produced 
buckypapers  have  a  very  good  processibility  and  can  be  handled  as  surface  veil  materials 
in  the  manufacture  process.  A  wide  range  of  applications  of  the  lightweight,  high 
electrical  and  thermal  conductivities  of  the  buckypaper/epoxy  resin  composite  structures 
can  be  expected. 
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9.  Conclusions 


SWNTs  possess  remarkable  mechanical,  electrical  and  thermal  properties,  which  exceed 
those  of  any  existing  composite  reinforcement  materials,  such  as  IM7  carbon  fibers. 
However,  using  nanotubes  as  reinforcements  to  produce  quality  composites  is  still  a  very 
challenging  issue  due  to  their  nanoscale  dimension,  unique  chemical  characteristics  and 
intensive  molecular  interactions  of  the  nanotubes  and  resin  molecules  during  composite 
processing. 

In  this  research,  a  novel  technical  approach  of  buckypaper/resin  infiltration  was 
developed  to  fabricate  bulk  polymeric  nanocomposites  with  controlled  nanostructures, 
desired  alignment  and  high  tube  loading.  The  influences  of  suspension  concentration, 
type  of  surfactant,  strength  of  magnetic  field,  as  well  as  sonication  and  filtration 
parameters  on  the  quality  and  tube  alignment  of  buckypaper  materials  were  investigated. 
Good  tube  dispersion  and  uniform  pore  structure  of  the  produced  buckypaper  was 
demonstrated.  Significant  tube  alignment  in  the  magnetically  aligned  buckypapers  was 
observed.  A  systematical  characterization  and  model  of  the  nanostructure  and  quality  of 
the  produced  buckypapers  was  conducted.  The  results  can  be  used  for  further  prediction 
and  optimization  of  buckypaper  processing.  The  results  also  show  that  the  developed  new 
processing  approach  can  effectively  fabricate  nanotube  composites  with  controlled 
nanotube  network  structures.  The  storage  modulus  of  the  magnetically  aligned 
nanocomposites  was  as  high  as  45  GPa.  The  produced  nanocomposites  can  have 
nanotube  loading  from  20w/w%  to  60w/w%.  Both  good  dispersed  tube  networks  and 
good  tube  alignment  have  been  observed  in  the  resultant  random  and  aligned 
nanocomposites.  During  the  research,  the  world’s  largest  magnetically  aligned 
buckypaper  with  a  working  area  of  60  in  was  successfully  manufactured,  which  provides 
the  possibility  for  making  bulk  nanocomposites  or  devices  with  desired  tube  orientation. 

The  influences  of  the  formation  of  tube  ropes  in  SWNT-reinforced  nanocomposites  were 
revealed  by  using  composite  models  of  short  fibers  and  observed  nanostructures  of  the 
produced  buckypaper  and  nanocomposites.  The  effects  of  the  molecular  interactions 
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between  SWNTs  and  the  resin  matrix  molecules  on  processing  and  interface  of  the 
composites  were  also  explored  using  molecular  dynamic  simulation,  which  revealed  that 
both  EPON  862  and  DETDA  curing  agent  molecules  tried  to  wrap  on  the  surface  of  the 
SWNT  due  to  van  der  Waals  force,  indicating  attractive  interactions.  The  result  of  SWNT 
pullout  simulation  based  on  molecular  models  of  SWNT/EPON  862  resin  matrix 
indicated  that  the  interfacial  shear  stress  was  about  75  MPa,  which  is  higher  than  that  of 
fiber  reinforced  composites  but  still  is  not  as  high  as  expected  for  SWNT  composites. 
This  research  project  also  shows  that  molecular  wrapping  of  SWNTs  is  an  effective 
method  to  enhance  the  interface  in  the  nanocomposites. 

The  electrical  and  thermal  conductivities  of  the  produced  buckypapers  and 
nanocomposites  were  also  measured.  The  aligned  buckypaper  can  achieve  9.46 
anisotropy  ratio  of  electrical  resistivity  and  42  W/m/K  thermal  conductivity  along  tube 
alignment  direction.  Finally,  a  subscale  sandwich  wing  structure  using  buckypaper- 
reinforced  composites  was  successfully  constructed  to  demonstrate  the  feasibility  for 
structural  applications. 

This  project  demonstrated  the  feasibility  of  using  buckypaper/resin  filtration  process  to 
make  nanocomposites  with  controlled  nanostructure  and  high  tube  loading,  which  is 
critical  for  developing  high  performance  composite  materials.  The  amount  of 
nanostructure  and  property  data  provided  from  this  research  will  enhance  our 
understanding  of  nanocomposite  processing  and  properties. 
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